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CHAPTER 1 GENERAL INTRODUCTION 
Introduction  
Oats (Avena sativa), a multifunctional crop, is nutritionally superior to many 
other unfortified cereals. Whole oat grains are good source of dietary fiber, especially 
soluble β-glucans, protein, vitamins, minerals, and antioxidants.  
Numerous laboratory and clinical studies have demonstrated that consumption 
of oat-based products can lower serum cholesterol levels, reduce glucose uptake, 
decrease plasma insulin response, and control weight through prolonged satiety 
(Davidson and others 1991; Braaten and others 1994; Mälkki and Virtanen 2001; 
Wood 2007). These physiological effects of oats are primarily attributable to the 
elevation of viscosity in the gastrointestinal tract (Wood 2007), caused mainly by the 
β-glucans. The increased luminal viscosity may lower the reabsorption of bile acid 
(BA) in the ileum, thus increasing BA excretion in the feces (Drzikova and others 
2005). Physical elimination of BA from the enterohepatic circulation necessitates 
increased synthesis of BA, consequently increasing cholesterol conversion into BA in 
the liver, and eventually decreasing serum cholesterol (LaRusso 1983). The elevation 
of viscosity also slows intestinal transit, and delays gastric emptying and intestinal 
absorption of nutrients, such as digestible carbohydrates, thereby reducing 
postprandial hyperglycemia and insulin secretion.  These actions, in turn, increase 
satiety and promote weight loss (Mälkki and Virtanen 2001; Lazaridou and Biliaderis 
2007). The pasting properties of oat flours also impact textural attributes and 
consumer acceptance of food product. 
Because of the importance of viscosity for potential health benefits and 
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sensory attributes, understanding the factors, which may influence the viscosity of 
β-glucans, will be beneficial for developing oat-based food products with enhanced 
health benefits. Previous studies have demonstrated that the concentration, molecular 
weight (MW), and structural features of β-glucans influence its physical properties 
(viscosity and solubility) (Wood and others 1994).  
Different from other cereals, oats are normally consumed as a whole grain; 
therefore the viscosity of oat-flour slurries instead of that of β-glucan solution alone is 
of particular importance. However, limited research was reported related to the factors, 
which impact the viscosity of oat-flour slurries. In addition, besides β-glucan-related 
factors, other oat components and their interaction with β-glucan may also impact the 
viscosity of oat slurries, eventually the health benefits of oat-based food products.  
Oat processing (steaming and flaking), involving heat, moisture, and 
mechanical shear, may affect the molecular-structural characteristics of β-glucans and 
the interaction between β-glucans and other oat components, consequently the 
viscosity, and ultimately the health benefits of β-glucans. However, the effect of 
processing on the MW, structure features, and viscosity of β-glucans is not fully 
understood. 
The objectives of this study were to 1) investigate the contributions of 
β-glucan, starch, protein, and their interactions to the pasting properties of oat flours 
as measured with a Rapid Visco Analyser (RVA); 2) to evaluate the effect of MW and 
structure of β-glucans on viscosities of oat-flour slurries; 3) to investigate the effect of 
processing on β-glucan structural-molecular characteristics, oat-slurry viscosities, and 
in vitro BA binding of oat flours; and 4) to better understand the relationship among 
the concentration and structural-molecular characteristics of β-glucan, viscosity of 
oat-flour slurries, and BA binding before and after processing. 
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Literature Review 
Origin of Oats  
Archaeologists suggest that oats, used as a food grain, originated in the Middle 
East and particularly in the Mediterranean Sea areas, as early as 2000 B.C.; whereas 
other evidence indicated that oats were first found in Egypt among the ancient lake 
dwellers (Schrickel 1986). The vagueness of the history of oats is because so many 
different oat species and subspecies make the identification of old species very 
difficult. Two oat species are most cultivated in the world: A. sativa and A. byzantina. 
Among the total cultivated oat production in the world, more than 75% is comprised 
of the cultivars of A. sativa, and most of the remaining is A. byzantina with a small 
amount of A. strigosa and other species (Coffman 1961).  
Oat Grain  
The oat grain usually is comprised of the hull and kernel (groat) (Leonard and 
Martin 1963) (Figure 1). The hull, derived from the lemma and palea of floral florets, 
encloses and protects the groat. The percentage of hull in the whole oat grain, ranging 
from 20% to 36%, depends on environmental and genetic factors (Hutchinson and 
others 1953; Salo and Kotilainen 1970; Welch and others 1983). The hull is very 
fibrous and mainly consists of cell wall materials, including hemicelluloses, cellulose, 
and lignin. Crosbie and others (1985) found 38%-41% cellulose and 0.8%-7.6% lignin 
in oat hulls, whereas Rasper (1979) reported approximately 50% hemicelluloses, 40% 
cellulose, and 10% lignin. The protein content in hulls, varying from 2.0% to 4.9%, is 
very low (Welch and others 1983). The oil percentage ranged from 0.09%-0.47% in 
hand separated hulls (Welch and others 1983). Short-chain fatty acids, vanillin, 
protochatechualdehyde, and several phenolic compounds, including ferulic, caffeic, 
and p-coumaric acid, were found in water extracts of wild oat hulls (Chen and others 
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1982); and these compounds may play a significant role in germination processes 
(Fulcher 1986). The contents of starch and water-soluble carbohydrates also were 
very low in hand separated hulls: 0.3%-1.8% for starch and 0.2-0.8% for 
water-soluble carbohydrate (Welch and others 1983). 
The oat groat, botanically known as the caryopsis, includes embryo, 
endosperm, and outer layers (bran). Carbohydrate, predominantly starch (~ 60%), is 
the major component in oat groats (Bhatty 1992). The content of dietary fiber, 
non-digestible carbohydrates, ranged from 60 to 90 g/kg in groats, depending on the 
cultivar variety, growing location, weather conditions, and fertilization (Mälkki 2001). 
Dietary fiber can be classified as either soluble or insoluble fiber based on water 
solubility. Soluble fiber accounts for 3.0% to 5.4% of the groat composition, while 
insoluble fiber for 3.2% to 8.0% (Welch 1995). The main constituent of soluble fiber 
is β-glucan, which ranges from 1.8% to 7.5% of the groats (Bhatty 1992; Welch 1995). 
The protein content of oat groats ranges from 12-24%, the highest among cereals. 
Amino acid composition is important for human and animal nutrition, thus it is used 
as a principle way to characterize proteins (Welch 1995). The amino acid composition 
in oat groats is nutritionally superior to that in the cereals of the Triticeae species, 
such as wheat, rye, and barley, being high in all levels of essential amino acids 
(cysteine, histidine, isoleucine, leucine, lysine, methionine, phenylalanine, threonine, 
tryptophane, tyrosine, and valine) (Yeoh and Watson 1981). Compared with other 
cereals, the lipid content of oat groats is relatively high, varying from 3% to 11% in 
different cultivars and up to 18% in some lines (Frey and Holland 1999). Most oat 
cultivars have about 5-6% lipids, mainly present in the endosperm (Peterson and 
Wood 1997; Doehlert and others 2001); and the lipid composition is similar to that of 
other cereals (Ekstrand and others 1993).  
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Oat groats contain great amounts of the major minerals (K, Ca, P, and Mg) and 
the trace minerals (Fe, Cu, Zn, and Mn) (Table 1). Trace amounts of boron (0.11 mg/ 
100g) and barium (0.06 mg/ 100g) also were found in the groats (Peterson and others 
1975). Peterson and others (1975) reported that the mineral components are 
concentrated in the bran fraction. Since oats are normally consumed as a whole grain, 
such as oat flakes, oat products can contribute significantly to human mineral 
nutrition. Oat groats are also a great source of most water-soluble B vitamins (thiamin, 
riboflavin, niacin, vitamin B6, pantothenic acid, and folate) and fat-soluble vitamin E 
(major present forms: α-tocotrienol and α-tocopherol and minor forms: β-tocopherol 
and β-tocotrienol) (Table 2); whereas there are no reliable reports of the presence of 
vitamin C, vitamin B12 or fat-soluble vitamins A or D in oat groats (Welch 1995). 
Phytic acid levels in groats range from 0.66% to 1.38%. Phytates incorporate minerals 
including calcium, magnesium, iron, zinc, and manganese and reduce their 
availability for absorption from the gastrointestinal tract. About 60% of the total 
phosphorus is found in phytic acids and phytates, and thus its nutritional availability is 
limited.  However, phytic acid may have some beneficial effects. The ability of 
phytic acid to sequester iron indicates that it has antioxidant activity (Thompson 1994) 
and thus may be implicated in the antioxidant effect of oat flour. Over 25 phenolic 
antioxidants were reported in oat groats existing as esters and other derivatives of 
caffeic and ferulic acids (Daniels and others 1963; Daniels and Martin 1964, 1965, 
1967, 1968). Another class of oat phenolics with antioxidant activity, 
avenanthramides, was also found in oat groats (Collins 1989). Avenanthramides are 
N-cinnamoyl-substituted alkaloids, containing substantial amounts of bound ferulic 
acids (Collins 1989). 
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Health Benefits of Oats 
The health effects of oats are primarily related to the dietary fiber, or dietary 
fiber complex (dietary fiber and its bioactive co-passengers) in oat products (Åman 
and Andersson 2008). There are many proposed benefits. High-fiber diets promote 
laxation, thus preventing or curing constipation. Incorporation of ~90 g oat bran into 
diets per day increased the frequency of bowel movements and fecal bulk (Welch and 
others 1990). Consumption of oat products (high in dietary fiber) may also prevent the 
onset of colorectal cancer by: 1) increasing the fecal bulk, which dilutes carcinogens 
in the colon, 2) speeding up the transit rate through the colon, which decreases the 
available time for interaction between carcinogens and colon tissue, and 3) reducing 
carcinogen generation by the bacterial flora (Hill and Fernandez 1990). In addition, 
fermentation of oat soluble fibers, such as β-glucans in the colon may be beneficial in 
preventing colorectal cancer. Fermentation of fiber constituents leads to the formation 
of volatile short-chain fatty acids (SCFA), which lower the pH in the lumen of the 
colon. Reduction of pH within the colon may 1) modify the bacterial degradation of 
bile acids, consequently reducing the colorectal cancer risk (Hill and Fernandez 1990); 
and 2) promote the absorption of minerals, such as calcium and magnesium 
(Cummings 1981). The SCFA principally consist of acetate, propionate, and butyrate 
(Daniels and others 1997; Sayar and others 2007). Acetate, mostly escaping from 
colonic and hepatic metabolism, is transported to peripheral circulation and provides 
energy (Cummings 1981). Propionate is converted to glucose in the liver and may 
impact hepatic carbohydrate and lipid metabolism (Goni and Martin-Carron 1998). 
Butyrate, utilized as a nutrient by the colonic mucosa, may protect the colonic 
epithelial cells against cellular differentiation and possibly inhibit the tumor growth 
(Eastwood 1987; Young and Gibson 1994). 
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Oat products have significant beneficial effects important in carbohydrate 
metabolism (Anderson and Ward 1979). These effects may mainly be attributed to the 
presence of β-glucans, which form viscous solutions when mixed with water. The 
increased viscosity within the small intestine may contribute to a reduced plasma 
glucose response after oat consumption (Lund and others 1989).  Braaten and others 
(1991) demonstrated that addition of 145 g of soluble β-glucan gum in oats to a 50-g 
glucose meal in humans significantly reduced the subsequent plasma glucose and 
insulin responses.  
Of particular interest have been the nutritional effects of oat products on lipid 
metabolism. Oats can lower the levels of total plasma cholesterol, particularly the 
levels of low density lipoprotein (LDL) cholesterol (Welch 1995). The 
cholesterol-lowering potential of oats is mainly attributed to the β-glucan, whereas, 
other oat components may also contribute to the hypocholesterolemic effect. Many 
animal studies demonstrated the major role of β-glucan on the hypocholesterolemic 
effect of oats (Chenoweth and Bennink 1975; Chen and others 1981; Welch and 
others 1988).  
Oat protein is unique among temperate cereals because it is high in globulin 
(Peterson and Brinegar 1986). The addition of isolated oat protein into chick diets at 
levels of 4.5% and 6% significantly reduced the total plasma cholesterol (Welch and 
others 1988).   
Oat oil, high in polyunsaturated fatty acids, has the potential to reduce the 
plasma cholesterol compared with the fats rich in saturated fatty acids. However, the 
impact of oat oil on cholesterol status has not been experimentally confirmed yet. 
In 1997 the U.S. Food and Drug Administration (FDA) approved a health 
claim stating that consumption of soluble fiber, i.e. β-glucan, from whole oats may 
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reduce the risk of coronary heart disease (CHD) (FDA 1997). Soluble fiber in oats 
may reduce blood total- and LDL- cholesterol levels, potentially lowering the risk of 
CHD (Welch 1995). The FDA recommended that consumption of at least 3 g β-glucan 
per day is helpful in reducing the risk of developing CHD. 
Oats may have beneficial effects on physical performance and psychological 
factors. Kuhnau and Ganβmann (1985) indicated that dietary oats may improve 
athletic and endurance performance and favorably influence psychological factors. 
However, because of the difficulty of evaluating the physical and mental performance, 
these potential physiological and psychological effects of oats have not been 
demonstrated. 
The incorporation of finely ground oat hulls at levels of 3-25% into diets 
inhibited the development of dental caries in animal models (Madsen 1981). Phenolic 
compounds present in the hulls may be accountable for the anticaries activity of oat 
hulls through their antioxidant or antimicrobial activity (Madsen 1981). 
Oats, containing a range of components with antioxidant activity, may have 
the potential to favorably interact with a number of disease states and consequently 
prevent the physiological oxidant damage (Strain and others 1991). However, the 
physiological significance of oat antioxidants has not extensively studied. 
Oat Milling and Processing 
The general operations in oat milling and processing include: 1) cleaning, 2) 
hulling, 3) hydrothermal treatment by kilning and steaming, and 4) flaking.  
The milling process starts with intake and cleaning of oats from the farm or 
storage facility. Even high-quality oats will require these two steps to ensure that only 
sound oats are processed. Intake pre-cleaning by sieving removes large extraneous 
matter such as stones. Further cleaning removes undesirable fractions, such as loose 
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hulls, straw, weed seeds, and foreign materials including sand, metal particles, stick, 
and dust (Ganβsman and Vorwerck 1995). Moreover, unsatisfactory oat grains such as 
double oats, pin oats, and light oats are also separated (Salisbury and Wichser 1971). 
This step is achieved in a multistage cleaning process that uses magnetic separators, 
sieves, aspirators, and indented cylinders that enable separation of foreign seeds. The 
cleaning stream normally includes a clipper that will separate double oats and clip the 
tips of hulls, which facilitate hulling (Ganβsman and Vorwerck 1995).  
Impact hulling is the most widely used industrial method for removing the 
tough, inedible hulls that cover the groat (Ganβsman and Vorwerck, 1995). It 
achieves separation of the hull and groats by impact and abrasion. Oats are fed 
through a hollow shaft of the huller into the centre of a rotor. Centrifugal force 
projects the grain against the outer impact ring, which is made of rubber, steel, plastic 
or a special composite material. The resulting impact and abrasion breaks the hulls 
and thus detaches them from the groats. The hulling efficiency is not 100%. However, 
it can be improved by optimizing the motor speed to allow for variations in the 
moisture content, hull content, size and toughness of the grains. The output from the 
huller consists of groats, hulls, broken groats, and un-dehulled grain, which will be 
sent back to the huller (Gates 2007). 
Kilning, a hydrothermal treatment, is often used in oat processing.  Because 
of the high lipid content and active enzyme system, oats are susceptible to rancidity 
(Galliard 1983). The primary aim of the kilning process is to stabilize the oat products 
by inactivation of lipid hydrolyzing enzymes and to achieve a long shelf-life. 
According to Ganβsman and Vorwerck (1995), this process also reduces the microbial 
loads on the groat surface and helps the development of a desirable oaty aroma and 
nut-like flavor. Kilning involves the direct addition of steam, followed by heat 
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treatment in a radiator kiln. Although different processing conditions (temperature and 
time) are used in the kilning process, generally the treatment is at 80-120°C for 
90-120 min with moisture content at about 17-19% (Ganβsman and Vorwerck 1995).  
Steaming oat groats prior to flaking is accomplished to increase the moisture 
and temperature, consequently softening the groats and making them more ductile and 
less susceptible to brittle fracture (Dobraszczyk and Vincent 1999). Usually the 
temperature for steam tempering is between 95°C and 105°C with 12-19% moisture 
content, and the holding time is between10 min and 30 min (Ganβsman and Vorwerck 
1995). Steam is inherently non-toxic and hygienic; therefore, it is widely used in food 
industries to efficiently distribute energy.  
Rolled (flaked) oats make up the majority of oat end-products for human 
consumption, with oat flour also being sold but to a lesser extent. Flaking produces 
desirable texture for easier domestic cooking and better digestibility (Ganβsman and 
Vorwerck 1995). The steamed groats are fed directly into the flaking roller. The 
flaking roll consists of two rolls, from 12 in. diameter × 30 in. long (30.5×76.2cm) to 
28 in. diameter × 52 in. long (71.1×132.1cm), depending on capacity requirements 
(Deane and Commers 1986). The rolls run at zero differential speed and rotate at 
250-450 rpm, depending on roll diameter and processor preference (Deane and 
Commers 1986). Usually the groats are rolled into relatively thick flakes and marked 
for regular oatmeal with an average thickness of around 0.020-0.025 in. (0.5-0.63 
mm); and the cut groats (cutting before steaming) are rolled into relatively thin flakes 
for instant or quick-cooking oatmeal with an average thickness of around 0.010-0.015 
in. (0.25-0.38 mm) (Deane and Commers 1986). 
Effect of Oat Processing on Acro- and Micro-nutrients 
Mahnke and others (1989) studied the starch changes after oat processing, and 
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reported a slight degree of starch gelatinization only occurring on the outer layer of 
the groats. Processing of cereals had little effect on total dietary fiber (Ramulu and 
Udayasekhara 1997). Lysine is the limiting amino acid for oats, which is mostly lost 
by reacting with reducing sugars (called the non-enzymatic Maillard Browning 
Reaction) during thermal processing. The amount of lysine and its biological 
availability are critical for the protein nutritive quality of oats. Kilning and steaming 
of oats do not significantly affect available lysine content (Mahnke and others 1990; 
Horvatic and Guterman 1997). The lipase activity in oats is high even before 
germination, compared with other cereals (O’Conner and others 1992). The kilning 
process effectively inactivates lipase and prevents the hydrolysis and oxidation of oat 
lipids. Dry heat kilning (80 - 102°C for 90 min) without steaming only partially 
inactivates lipase (Ganβsman and Vorwerck 1995).  
Anderson and others (1976) showed that there was almost no loss of minerals 
during oat processing. Barna and others (1997) determined the changes in the levels 
of four water-soluble vitamins (thiamin, riboflavin, niacin, and vitamin B6) during 
hydrothermal processes of oats, and reported that the retention of thiamin was 87%, 
and retentions of riboflavin, niacin, and vitamin B6 were mostly around100%. Other 
studies showed that the pantothenic acid content is slightly higher in rolled oats (1.48 
mg/g) than in groats (1.36 mg/g) (Shukla 1975). In addition, mild steaming and 
flaking of oat groats only caused moderate losses of tocotrienols (Ronald and others 
2004). The effect of hydrothermal treatment of whole grains on phytate contents was 
reported (Fredlund and others 1997). The phytate reduction in oats (8 to 26%) was 
considerably less than that in wheat, rye, and barley (46 to 77%) when water was used. 
This reduction may be considered beneficial insofar as phytate binds minerals and 
raises the potential for poor absorption of minerals in oat products. Alternatively, 
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because phytic acid is a known antioxidant, its loss with processing could be also 
considered detrimental. 
Occurrence of β-Glucan.  
Oats (Avena sativa L.), normally consumed as a whole grain, are an excellent 
source of dietary fiber, especially water-soluble mixed-linkage (1→3) 
(1→4)-β-D-glucan (β-glucan). β-glucan is a predominant component of starchy 
endosperm and aleurone cell walls of oat seeds. The typical β-glucan content reported 
for domestic A. sativa cultivars ranged from 3.7% to 5.0% on a dry matter basis (db) 
(Miller and others 1993). Genetic and environmental factors impact the levels of 
β-glucans in oats. Heritability of β-glucan levels is believed to be controlled by a 
simple additive genetic system, which consists of two to three dominant genes and 
three to five effective factors (Kibite and Edney 1998). Among environmental effects, 
the availability of water during grain maturation impacted the β-glucan content for 
example, dry conditions (heat stress) before harvest were related to high β-glucan 
contents (Savin and Molina-Cano 2001). The soil nitrogen levels and precipitation 
also affected the levels of β-glucan in oats (Humphreys and others 1994). In addition, 
the interactions between genotype and environmental factors may impact the β-glucan 
concentration in oats (Peterson and others 1995). 
Molecular-structural Characteristics of β-Glucan 
β-Glucans in oats are linear homopolysaccharides of D-glucopyranosyl units. 
They consist of consecutively (1→4)-linked residues in blocks separated by single 
(1→3)-linkages (Lazaridou and Biliaderis 2007) (Figure 2). The molecular- structural 
characteristics of β-glucans in oats, which distinguishes them from cereal β-glucans of 
different botanical origins, include the ratio of tri- to tetramers, amount of cellulose 
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oligomers, ratio of β-(1→4)/β-(1→3) linkages, and molecular weight (MW) (Cui and 
others 2000; Lazaridou and others 2004; Wood and others 1994a). 
The structural characteristics were determined by complete hydrolysis of 
β-glucans with a sequence-dependent Bacillus subtilis endoglucanase (lichenase), 
which specifically cleaves the β-(1→4)-glycosidic linkages of three-substituted 
glucose residues in β-glucans, thus yielding oligosaccharides containing a single 
β-(1→3)-linkage adjacent to the reducing end (Anderson and Stone 1975). Previous 
studies showed that the major hydrolysis products (  90%) are 
3-O-β-cellobiosyl-D-glucose (DP3) and 3-O-β-cellotriosyl-D-glucose (DP4), with a 
small amount (~ 5-10%) of cellodextrin-like oligosaccharides (DP  5), containing 
more than three consecutive 4-O-β-linked glucose residues (Wood and others 1994). 
The DP3/DP4 ratio is considered to be a fingerprint of the structure of cereal 
β-glucans. The reported values for the DP3/DP4 ratio of oat β-glucans ranged from 
1.5-2.8 (1.5-2.3, Miller and Fulcher 1995; 2.3-2.6, Skendi and others 2003; and 
2.4-2.8, Lazaridou and others 2003). The reported amount of DP  5 ranged from 3.6 
to 9.7 (Skendi and others 2003; Lazaridou and others 2003, 2004). Based on NMR 
data and methylation analysis, the calculated ratios of β-(1→4)/β-(1→3) linkages in 
oat β-glucans were within the range of 1.9–2.8 (Skendi and others 2003; Lazaridou 
and others 2003). 
The MW values of β-glucans in oats ranged from 0.35 × 105 to 29.6 × 105 
(Wood and others 1991; Skendi and others 2003; Lazaridou and others 2003; Yao and 
others 2007). The discrepancies in β-glucan MW estimates might come from genetic 
and environmental factors as well as from the methods used for extraction (solvent 
and temperature affect the solubilization) and purification, aggregation phenomena 
(dependent on the structural features and solvent quality) and depolymerization events 
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(by endogenous or microbial β-glucanases from contaminating microorganisms) 
occurring during the extraction step (Lazaridou and Biliaderis 2007). 
Extraction and Purification of β-Glucans 
The recovery of β-glucans in oats is not straightforward, because they, 
together with other non-starch polysaccharides, are located in the aleurone cell walls 
of starchy endosperm, which is rich in starch, protein, and lipid. To determine the 
molecular-structural characteristics of isolated β-glucans, the extraction procedures 
need to retain the integrity of β-glucan molecules and to optimize the β-glucan yield 
and purity (Brennan and Cleary 2005). The endogenous β-glucanase in oats is 
responsible for β-glucan degradation. Lack of inactivation of this enzyme, especially 
under relatively mild extraction conditions, resulted in decreased MW and reduced 
power to detect MW differences among samples (Wood and others 1991; Beer and 
others 1997). Inactivation is usually achieved by refluxing oats with 90% ethanol or 
defatting them with 2-propanol/petroleum ether (2:3) (Yao and others 2007). To 
preserve the natural form of β-glucan molecules, harsh extraction conditions, such as 
high or low pH, which can lead to β-glucan depolymerization, should be minimized. 
The β-glucan extraction yields from oats ranged from 30 to 80% in the literature 
(Wood and others 1991; Beer and others 1997; Sayar and others 2005).  
Different organic solvents used for β-glucan precipitation affected the 
β-glucan structural conformation and MW, consequently the solubility, and eventually 
the recovery yield (Beer and others 1996; Morgan and Ofman 1998). The extraction 
temperature and pH also affects the recovery of β-glucans. Temelli (1997) 
demonstrated that β-glucan extraction yield increased with temperature. To avoid 
starch contamination, Saulnier and others (1994) suggested a hot water extraction 
procedure with thermostable α-amylase to optimize the purity of extracted β-glucans. 
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Performing the extraction in the presence of thermostable α-amylase yielded the 
purest β-glucans compared with other extraction procedures (Symons and Brennan 
2004). Moreover, fractionation of β-glucans by using gel permeation chromatography 
indicated that fractions of β-glucan with different MW all contain protein (Vårum and 
Smidsrød 1988), thus necessitating the removal of protein during β-glucan extraction.  
Instrumental Measurement of β-Glucan Molecular-structural Characteristics  
Several techniques, such as high-performance anion-exchange 
chromatography with pulsed amperometric detection (HPAEC-PAD) and 
nuclear-magnetic-resonance spectroscopy (NMR spectroscopy), have been reported to 
determine the structural characteristics of β-glucans. However, none of them has 
proven to be satisfactory in regard to simplicity, sensitivity, accuracy, reproducibility, 
cost, and requirement for test materials (Hu 1995). For instance, HPAEC-PAD is the 
most used technique for oligosaccharide quantification; but its application is limited 
resulting from lack of knowledge about the weight response factors relative to glucose 
(RRF). The RRF values for oligosaccharides depend on the HPAEC-evaluated purity 
and orcinol-determined concentration (Wood and others 1994). However, use of 
HPAEC-orcinol determined RRF values in HPAEC-PAD for oligosaccharide 
quantification may lead to inaccuracy: the measurement error for the reported values 
of DP3/DP4 ratios by using HPAEC-PAD was around ±10% (Wood and others 
1994).  
The NMR spectroscopy is an important method for detailed elucidation of 
β-glucan structure. However, this time-consuming technique involves expensive 
equipment and requires experts for interpretation of the results; and a relatively large 
amount of starting material is required (Hu 1995). A rapid, simple, sensitive, 
cost-effective method, called fluorophore-assisted capillary-electrophoresis (FACE), 
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for the structural analysis of carbohydrates was first introduced in 1990 (Jackson 
1990). In principle, oligosaccharides, which are released from β-glucans by lichenase 
degradation, with a reducing end are fluorescently-labeled, separated by 
polyacrylamide gel electrophoresis (PAGE), and quantified by a charge-coupled 
device camera (Hu 1995). The distinguishing feature of FACE is that a single 
fluorophore only attaches one reducing terminus, and the detector response remains 
constant as the oligomeric chain length increases, thereby enabling a molar 
qualification. This technique has many advantages, such as high sensitivity, high 
resolving power, good reproducibility, ability to preserve molecular integrity during 
analysis, and so forth. 
The size-exclusion high-performance liquid chromatography (SE-HPLC) is a 
simple method, commonly used for determining MW distribution of β-glucans. 
Pullulan and dextran with known MW were often used as the standards to calibrate 
the column of SE-HPLC with the resulting values reported as pullulan or dextran 
equivalent MW (Wang and Cui 2005). However, using pullulan or dextran calibration 
can overestimate the MW of β-glucans because of differences in molecular 
conformation between these α-linked standards and β-glucans (Vårum and others 
1991; Wood and others 1991). This problem can be overcome by using β-glucan 
standards with known MW or detectors sensitive to molecular size (low-angle laser 
light scattering detector (LALLS) or right-angle laser light-scattering (RALLS) with a 
Viscometer). Moreover, in crude extracts of oats (mixture of β-glucans, starch, and 
proteins) SE-HPLC combined with a fluorescence detector, which exploits the 
specific dye-binding of Calcofluor by β-glucan, can also be used to characterize the 
MW of β-glucans by giving a specific response to β-glucan in crude mixtures, while 
excluding responses to any non-binding polymers also present (Cui and Wood 2000). 
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Viscosity 
Viscosity is defined as the proportional relationship between the flow of a 
fluid and force directed on the fluid, and calculated as the shear stress (the force 
applied tangential to the fluid plane) divided by shear rate (the velocity gradient in a 
particular fluid due to applied shear stress) (Dikeman and Fahey 2006) . The viscosity 
unit is millipascal second (mPa.s) or centipoise (cP), where 1 mPa.s is equal to 1 cP. 
Apparent viscosity, the most common term used for dietary fiber, is defined as the 
viscosity of a non-Newtonian fluid expressed as if it were a Newtonian fluid (Bourne 
2002). It is a coefficient calculated from empirical data as if the fluid being measured 
exhibited Newtonian flow and obeyed Newton’s Law, allowing for a single viscosity 
reading at one shear rate (McDonald and others 2001).  
The Rapid Visco Analyser (RVA) is used to measure the apparent viscosity of 
β-glucan solutions or oat-flour slurries as a function of temperature, time, and stirring 
speed. It is a simple, rapid, and reliable measurement, which needs only a small 
amount of sample and provides a graphical record of viscosity change with time. The 
measured viscosity is reported in centipoise (cP) or Rapid Visco Units (RVU). 
In a freshly prepared solution, β-glucans behave as random-coil 
polysaccharides and exhibit high-flow viscosity at relatively low concentrations 
(Wood 2002). At low concentration (<0.2%), the β-glucan solution behaves as a 
Newtonian solution, whose viscosity does not be affected by an increasing shear rate. 
When the concentration of β-glucans above 0.2%, the high MW β-glucan molecules 
start to entangle and form viscous and pseudoplastic solutions; whereas the low MW 
β-glucans can form soft gels at higher concentrations. Generally, the viscosity of the 
β-glucan solutions depends on their concentration, MW, and structural features 
(Wood and others 1994). Wood (2007) reported that the viscosity is an exponential 
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function of the concentration of dissolved β-glucan and of its molecular weight. The 
relationship between the β-glucan MW and intrinsic viscosity in oats was also 
demonstrated by the Mark-Houwink equation [η]  MW0.75 (Vårum and Smidsød 
1988). For the structural characteristics of β-glucans, it was suggested that the amount 
of DP  5, ratio of DP3/DP4, and ratio of β-(1→3)/ β-(1→4) linkages are the 
important determinants of viscosity and solubility (Cui and wood 2000; Skendi and 
others 2003).   
As to the viscosity of oat-flour slurries, three oat components may be the 
primary contributors: β-glucan, starch, and protein. Correlations between β-glucan 
concentration in oats and the viscosity of oat slurries previously were reported in the 
literature (Doehlert and others 1997; Zhou and others 2000).The contribution of 
β-glucan to viscosity was demonstrated by the significant decrease of apparent 
viscosity after enzymatic degradation of β-glucan with lichenase (EC 3.2.1.73). The 
viscosity of starch is generally impacted by the ratio of amylose to amylopectin, and 
by the branch chain-length distribution of amylopectin. Amylopectin contributes to 
swelling of starch granules and pasting, whereas amylose inhibits swelling (Tester and 
Morrison 1990). Viscosity of starch can also be influenced by its interactions with 
other components, such as sugars, lipids, proteins, emulsifiers, gums, salts, and pH 
modifiers (Kim and Walker 1992; Morrison and Tester 1991; Sopade and others 
2006).  It was noted that the proteins contributed little to the overall viscosity of 
barley-flour slurries (Izydorczyk and others 2000). The addition of proteinase into 
oatmeal slurries caused significant but minor changes to viscosity compared with the 
addition of β-glucanase (Zhou and others 2000), indicating the minimal impact of 
protein on viscosity of oatmeal slurries compared with that of β-glucan.  
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Because of its viscosity, β-glucan is of particular importance in human 
nutrition, which will be discussed in details on next section “Health Benefits”. The 
viscosity also impact also impact the textural attributes and consumer acceptance of 
food product. Oat slurries having high relative mean values of peak viscosity, final 
viscosity, and short-time-to-peak-viscosity were related to greater acceptability of 
Australian consumers (Hall and Tarr 2000). Similarly, rolled oats with a relatively 
low peak viscosity and a delay in time to peak viscosity were unacceptable to 
consumers; although none of the standard quality control tests identified a problem 
(Glennie-Holmes 1996). 
Health Benefits of β-Glucan 
Numerous laboratory and clinical studies have demonstrated that consumption 
of oat β-glucans can lower serum cholesterol levels, reduce glucose uptake, decrease 
insulin response, and control weight through prolonged satiety in humans (Davidson 
and others 1991; Braaten and others 1994; Mälkki and Virtanen 2001; Wood 2007).  
The water-soluble β-glucans in oats can effectively reduce the serum 
low-density lipoprotein (LDL) cholesterol levels without affecting the concentrations 
of high-density lipoprotein (HDL) cholesterol or triacylglycerol (TAG) (De Groot AP 
and others 1963; Anderson and Bryant 1986; Braaten and others 1994; Theuwissen 
and Mensink 2008). The hypocholesterolemic effect of β-glucans was related to the 
elevation of intestinal viscosity caused by β-glucans (Gallaher and others 1993; 
Tietyen and others 1995; Bell and others 1999; Bourdon and others 1999).  The 
increased viscosity in the gastrointestinal tract may lower the re-absorption of bile 
acid (BA), leading to an increased excretion of BA in the feces (Lia and others 1997; 
Zhang and others 1993).  The BAs, as part of the mixed micelles in the small 
intestine, are necessary for lipid digestion. Normally, the BAs are almost completely 
20 
 
re-absorbed and transported to the liver through the enterohepatic circulation by 
active and passive mechanisms (Hofmann 1994). Increased excretion of BA 
stimulates the hepatic synthesis of BA from cholesterol, which removes the 
cholesterol from the circulation and eventually lowers the serum cholesterol level 
(LaRusso 1983). 
The hypoglycemic effects of β-glucans are also attributed to the viscosity of 
β-glucan (Jenkins and others 1978; Wood and others 1994a; Tappy and others 1996). 
The elevation of viscosity caused by β-glucan slows intestinal transit, and delays 
gastric emptying and intestinal absorption of nutrients, such as digestible 
carbohydrates, thereby reducing postprandial hyperglycemia and insulin secretion.  
These actions, in turn, increase satiety and promote weight loss (Mälkki and Virtanen 
2001; Lazaridou and Biliaderis 2007). 
Processing Impact on β-Glucans 
Oat processing may impact the molecular (chemical structure and degree of 
polymerization), structural (molecular interactions), functional properties (viscosity, 
water binding capacity, and solubility), and ultimately the health benefits of β-glucans 
(Brennan 2005).  
Steaming and flaking, involving heat, moisture, and mechanical shear, may 
affect the molecular-structural characteristics of β-glucans and the interaction between 
β-glucans and other oat components, thus also impacting the viscosity of oat slurries. 
Steaming prior to flaking is used to inactivate degradative enzymes and to facilitate 
flaking (Deane and Commers 1986; Ganβmann and Vorwerck 1995). For soluble 
dietary fiber from oat bran, the proportion of MW of more than 5×105 and the 
β-(1→4)/β-(1→3) linkage ratios decreased after steaming (Zhang and others 2009). 
Other work, however, showed that the MW of β-glucans from oat groats did not 
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change during steaming (Doehlert and others (1997). Hydrothermal treatments, such 
as steaming, may change the capability of β-glucan to form viscous solutions by 
impacting the extractability or solubility (Zhang and others 1998), and it was reported 
that the viscosity of oat-flour slurries increased after steaming. Elsewhere, small 
differences in chemical composition of oats and changes in microscopic appearance of 
starch granules were observed after steaming and flaking (Lookhart and others 1986), 
which also may influence the interaction of β-glucans with other components in oats, 
especially starch. Merely the mechanical shear during processing degraded β-glucans 
in cereals (Yokoyama and others 2002), indicating the oat flaking may lead to 
β-glucan degradation. 
The effects of other oat processing on the chemical and physical properties of 
β-glucans were also reported in the literature. Dry or wet milling can improve the 
extractability of β-glucan by reducing the particle size and/or opening physical 
barriers for water penetration; whereas drying can reduce the extractability by 
creating new barriers for water penetration (Wood 1993). Freezing itself may reduce 
the extractability of β-glucans without affecting β-glucan MW (Beer and others 1997). 
However, freezing-thawing cycles could reduce the MW of β-glucans (Suortti and 
others 2000). 
Conclusions 
Oats are good source of soluble fibers (especially water-soluble β-glucans), 
proteins, minerals, vitamins, and phytochemicals. Consumption of oat-based products 
can lower serum cholesterol levels, reduce glucose uptake, decrease plasma insulin 
response, and control weight through prolonged satiety. These physiological effects of 
oats are primarily attributable to the elevation of viscosity in the gastrointestinal tract, 
caused mainly by the β-glucans. The viscosity also impacts the textural attributes and 
22 
 
consumer acceptance of oat-based food product. The concentration and 
molecular-structural features of β-glucans are important determinants for the viscosity 
of β-glucan solutions. Besides β-glucan, the starch, protein, and their interaction with 
β-glucan may also impact the viscosity of oat-flour slurries. Oat processing may affect 
the molecular-structural features and extractability of β-glucans, consequently the 
viscosity, and ultimately the health benefits of β-glucans. 
  
23 
 
References 
Åman, P. and Andersson, A. A. M. 2008. Oats full of soluble fibre. Focus on 
dietary fibres. Agro Food Industry Hi-Tech 19:25-27. 
Anderson, M. A. and Stone, B. A. 1975. A new substrate for investigating the 
specificity of b-glucan hydrolases. FEBS Letters 52:202-207. 
Anderson, J. W. and Bryant, C. A. 1986. Dietary fiber: diabetes and obesity. 
Am J Gastroenterol. 81(10):898-906. 
Anderson, J. W. and Ward, K. 1979. High carbohydrate, high fiber diets for 
insulin-treated men with diabetes mellitus. American Journal of Clinical Nutrition 
32:2312-2321.  
Anderson, R. H., Maxwell, D. L., Mulley, A. E., and Fritsch, C. W. 1976. 
Effects of processing and storage on micronutrients in breakfast cereals. Food Tech. 
30:110. 
Beer, M. U., Arrigoni, E., Amado, R. 1996. Extraction of oat gum from oat 
bran: effects of process on yield, molecular weight distribution, viscosity and (1→3) 
(1→4)-β-D-glucan content of gum. Cereal Chem. 73:58–62. 
Beer, M. U., Wood, P. J., Weisz, J., Fillion, N. 1997. Effect of cooking and 
storage on the amount and molecular weight of (1→3), (1→4)-β-D-glucan. Cereal 
Chem.74:705-709. 
Bell, S., Goldman, V. M., Bistrian, B. R., Arnold, A. H., Ostroff, G., Forse, A., 
1999. Effect of β-glucan from oats and yeast on serum lipids. Critical Reviews in 
Food Science and Nutrition 39:189–202. 
Bhatty, R. S. 1992. Total and extractable β-glucan contents of oats and their 
relationship to viscosity. Journal of Cereal Science 15:185-192. 
Bourne, M. 2002. Food Texture and Viscosity: Concept and Measurement, 2nd 
24 
 
ed. San Diego, CA: Academic Press. 
Bourdon, I., Yokoyama, W., Davis, P., Hudson, C., Backus, R., Richter, D., 
Knuckles, B., Schneeman, B. O. 1999. Postprandial lipid, glucose, insulin, and 
cholecystokinin responses in men fed barley pasta enriched with β-glucan. The 
American J. Clin. Nutr. 69:55-63. 
Braaten, J. T., Wood, P. J., Scott, F. W. 1991. Oat gum lowers glucose and 
insulin after an oral glucose load. American J. Clin. Nutr. 53:1425-1430. 
Braaten, J. T., Wood, P. J., Scott, F. W., Wolynetz, M. S., Lowe, M. K., 
Bradley-White, P., Collins, M. W. 1994. Oat beta-glucan reduces blood cholesterol 
concentration in hypercholesterolemic subjects. Eur. J. Clin. Nutr. 48:465-474. 
Brennan, C. S. and Cleary, L. J. 2005. The potential use of (1→3, 
1→4)-β-D-glucans as functional food ingredients. J Cereal Sci 42:1-13. 
Chen, F. S., Mactaggart, J. M., Elofson, R. M. 1982. Chemical constituents in 
wild oat (Avena fatua) hulls and their effects on seed germination. Can. J. Plant Sci. 
62:155-161. 
Chen, W-J. L., Anderson, J. W., Gould, M. R. 1981. Effect of oat bran, oat 
gum and pectin on lipid metabolism of cholesterol fed rats. Nutrition Reports 
International 24:1093-1098. 
Chenoweth, W. L. and Bennink, M.R. 1975. Hypocholesterolemic effect of oat 
fiber. Federation Proceedings 35:495.  
Coffman, F. A. 1961. Origin and history. In Oats and oat improvement. 
Coffman, F.A. ed. Am Soc. Agron. Publ., Madison, Wis. pp15-40. 
Collins, F. W. 1989. Oat phenolics: avenanthramides, novel substituted 
N-cinnamoylanthranilate alkaloids from oat groats and hulls. Journal of Agricultural 
and Food Chemistry 37:60-66. 
25 
 
Cummings, J. H. Short chain fatty acids in the human colon. 1981. Gut 22: 
763-779. 
Cui, S. W. and Wood, P. J. 2000. Relationships between structural features, 
molecular weight and rheological properties of cereal β-D-glucan. In K.Nishinari 
(Ed.), Hydrocolloids Part I. Hydrocolloids, Part 1 Amsterdam: Elsevier pp. 159–168. 
Cui, W., Wood, P.J., Blackwell, B., Nikiforuk, J. 2000. Physicochemical 
properties and structural characterization by two-dimensional NMR spectroscopy of 
wheat β-D-glucan—comparison with other cereal β-D-glucans. Carbohydrates 
Polymers 41:249-258. 
Daniels, D. G. H., King, H. G. C., Martin, H. F. 1963. Antioxidants in oats: 
esters of phenolic acids, Journal of the Science of Food and Agriculture 14:385-390. 
Daniels, D. G. H. and Martin, H. F. 1964. Structure of two antioxidants 
isolated from oats. Chemistry and Industry 2058. 
Daniels, D. G. H.and Martin, H. F. 1965. Antioxidants in oats: diferulates of 
long chain diols. Chemistry and Industry 1763. 
Daniels, D .G. H. and Martin, H. F. 1967. Antioxidants in oats: mono-esters of 
caffeic and ferulic acids. Journal of the Science of Food and Agriculture 18:589-595. 
Daniels, D. G .H. and Martin, H. F. 1968. Antioxidants in oats: glyceryl esters 
of caffeic and ferulic acids. Journal of the Science of Food and Agriculture 
19:710-712. 
Daniels, M., Wisker, E., Rave, G., Feldheim, W. 1997. Fermentation in human 
subjects of nonstarch polysaccharides in mixed diet, but not in a barley fiber 
concentrate, could be predicted by in vitro fermentation using human fecal inocula. J. 
Nutr. 127:1981-1988. 
 
26 
 
Davidson, M. H., Dugan, L. D., Burns, J. H., Bova, J., Story, K.; Drennan, K. 
B. 1991. The hypocholesterolemic effects of β-glucan in oatmeal and oat bran: a 
dose-controlled study. J. Am. Med. Assoc. 265:1833-1839. 
Deane, D., Commers, E. 1986. Oat Cleaning and Processing. In Oats: 
Chemistry and Technology. F. H. Webster ed. American Association of Cereal 
Chemists: St. Paul, MN. pp371-412. 
De Groot AP, Luyken R, Pikaar NA. 1963. Cholesterol-lowering effect of 
rolled oats. Lancet 2:303-4. 
Dikeman C. L. and Fahey, G. C. 2006. Viscosity as Related to Dietary Fiber: A 
Review. Crit Rev Food Sci Nutr. 46 (8):649-63. 
Dobraszczyk, B. J. and Vincent, J. F. V. 1999. Measurement of mechanical 
properties of food materials in relation to texture: the materials approach. Food 
Texture: Measurement and Perception Vol. A. J. Rosenthal, Ed.; Aspen Publishers, 
Inc.: Gaitherburg. 99-151. 
Doehlert D. C., McMullen M. S., Hammond J. J. 2001. Genotypic and 
environmental effects on grain yield and quality of oat grown in North Dakota. Crop 
Science 1:1066-1072. 
Doehlert, D. C., Zhang, D., McMullen, M. S., Moore, W. R. 1997. Estimation 
of mixed linkage beta-glucan concentration in oat and barley from viscosity of whole 
grain flour slurry. Crop Sci. 37:235-238. 
Drzikova, B., Dongowski, G., Gebhardt, E., Habel, A. 2005. The composition 
of dietary fibre-rich extrudates from oat affects bile acid binding and fermentation in 
vitro. Food Chem. 90:181-192. 
Eastwood, M. A. 1987. Dietary fiber and the risk of cancer. Nutrition Reviews 
45:193-198. 
27 
 
É. Barna, F. Léder, E. Dworschák. 1997. Changes in the vitamin content of 
cereals during hydrothermal processes (flaking, puffing, extrusion). 
Food/Nahrung.41:243. 
Ekstrand, B., Ganfby, I., Akesson, U., Stollman, U. Lingnert, H., Dahl, S. 1993. 
Lipase Activity and Development of Rancidity in Oats and Oat Products Related to 
Heat Treatment during Processing. J. Cereal Science 17:247-254. 
FDA. 1997. Food labeling: Health claims; oats and coronary heart disease; 
final rule. Federal Register. 62:3583-3601. 
Fredlund, K., Asp, N-G., Larsson, M., Marklinder, I., and Sandberg, A. S. 
1997. Phytate reduction in whole grains of wheat, rye, barley and oats after 
hydrothermal treatment.  J. Cereal Sci. 25:83. 
Frey K. J. and Holland J. B. 1999. Nine cycles of recurrent selection for 
increased grain-oil content in oat. Crop Science 39:1636-1641. 
Fulcher, R. G. 1986. Morphological and Chemical Organization of the Oat 
Kernel. In Oats: Chemistry and Technology. F. H. Webster ed. American Association 
of Cereal Chemists: St. Paul, MN. pp 47-74. 
Hall, M. B. and Tarr, A.W. 2000. Oat starch quality and relationships to other 
quality traits. In 6th International Oat Conference Proceedings; Cross, R.J., Ed.; New 
Zealand Institute for Crop & Food Research Ltd.: Christchurch, New Zealand. pp 11. 
Hill, M. J. and Fernandez, F. 1990. Baterial metabolism, fiber, and colorectal 
cancer, In Dietary Fiber: Chemistry, Physiology, and Health Effects, D. Kritchevsky, 
D., Bonfield, C. and Anderson, J. W. eds, Plenum Press, New York. pp 417-429. 
Horvatic, M., Guterman. M, 1997. Available Lysine Content during Cereal 
Flake Production. J. Sci. Food Agric. 74:354-358. 
Hofmann, A. 1994. Intestinal absorption of bile acids and biliary constituents. 
28 
 
The intestinal component of the enterohepatic circulation and the integrated system. 
In Physiology of the Gastrointestinal Tract, 3rd ed.; Johnson, L. R., Ed.; Raven Press: 
New York. pp 1845-1865. 
Hu, G. F. 1995. Fluorophore-assisted carbohydrate electrophoresis Technology 
and applications. Journal of Chromatography 705:89-103. 
Humphreys, D. G., Smith, D. L., and Mather, D. E. 1994. Nitrogen fertilizer 
and seedling date induced changes in protein, oil and β-glucan contents of four oat 
cultivars. J. Cereal Sci. 20:283-290. 
Hutchinson, J. B., Kent, N. L. and Martin, H. F. 1953. The kernel content of 
oats: comparison of kernel content and thousand kernel weight for winter and spring 
varieties. Journal of the National Institute of Agricultural Botany 6:443-453. 
Jenkins, D.J.A., Wolever, T.M.S., Leeds, A.R., Gassull, M.A., Dilawari, J.B., 
Goff, D.V., Metz, G.L., Alberti, K.G.M. 1978. Dietary fibres, fibre analogues and 
glucose tolerance, importance of viscosity. British Medical Journal 1:1392-1394. 
Kibite, S., and Edney, M. J. 1998. The inheritance of β-glucan concentration in 
three oat (Avena sativa L.) crosses. Can. J. Plant Sci. 78:245-250. 
Kim, C. S. and Walker, C. E. 1992. Changes in starch pasting properties due to 
sugars and emulsifiers as determined by viscosity measurement. J. Food Sci. 
57:1009-1013. 
Kuhnau, J. and Ganβmann, W. 1985. Oats, an Element of Modern Nutrition, 
Umschau Verlag, Frankfurt am Main. 
LaRusso, N. 1983. The role of bile acids in intestinal absorption of cholesterol. 
In Bile Acids in Gastroenterology; Barbara, L., Dowling, R.H., Hofmann, A.F., Roda, 
E., Eds.; MTP Press Ltd.: Boston, MA. pp 183-191. 
Lazaridou, A., Biliaderis, C.G., Micha-Screttas, M., Steele, B.R., 2004. A 
29 
 
comparative study on structure-function relations of mixed linkage (1→3), (1→4) 
linear b-D-glucans. Food Hydrocolloids 18:837–855. 
Lazaridou, A. and Biliaderis, C.G. 2007. Molecular aspects of cereal β-glucan 
functionality: Physical properties, technological applications and physiological effects. 
Journal of Cereal Science 46:101-118. 
Lazaridou, A., Biliaderis, C.G., Izydorczyk, M.S. 2003. Molecular size effects 
on rheological properties of oat b-glucans in solution and gels. Food Hydrocolloids 
17:693-712. 
Leonard, W. H. and Martin, J. H. 1963. Part IV. Rye, Barley and Oats. In: 
Cereal Crops. W. H. Leonard and J. H. Martin eds. The Macmillan Company: New 
York. pp544-604. 
Lia, A, Andersson, H., Kekki, N., Juhel, C., Senft, M., Lairon, D. 1997. 
Postprandial lipemia in relation to sterol and fat excretion in ileostomy subjects given 
oat-bran and wheat test meals. American Journal of Clinical Nutrition 66: 357-365. 
Lookhart, G., Albers, L., Pomeranz, Y. 1986. The Effect of Commercial 
Processing on Some Chemical and Physical Properties of Oat Groats. Cereal Chem 
63:280-282.   
Lund, E. K., Gee, J. M., Brown, J. C. 1989. Effect of oat gum on the physical 
properties of the gastrointestinal contents and on the uptake of D-galactose and 
cholesterol by rat small intestine in vitro. British Journal of Nutrition 62:91-101. 
Lzydorczyk, M. S., Storsley, J., Labossiere, D., MacGregor, A. W., Rossnagel, 
B. G. 2000. Variation in total and soluble β-glucan content in hulless barley effects of 
thermal, physical, and enzymic treatments. J. Agric. Food Chem. 48:982-989. 
Madsen, K. O. 1981. The anticaries potential of seeds. Cereal Food World, 
26:19-25. 
30 
 
Mahnke, S., Meyer, D., Munzing, K. 1989. Starkeveranderungen bei der 
Verarbeitung von Hafter (Starch alterations by oat processing). Getreide, Mehl und 
Brot. 43:121-126.  
Mahnke S, Bolling H, Leitzmann C, Vera. 1990. nderungen von Inhaltssto†en 
bei der hydrothermischen Behandlung von Hafer: Protein and Vitamin (B1 and B2). 
Deut Lebensm Rundschau 86:223. 
Mälkki, Y. 2001. Oat fibre: production, composition, physico-chemical 
properties, physiological effects, safety, and food applications. In: CHO, S. S. AND 
DREHER, M. (Eds), Handbook of Dietary fiber. New York: Marcel Dekker, Inc. pp. 
497-517. 
McDonald, D.E., Pethick, D.W., Mullan, B.P., and Hampson, D.J. 2001. 
Increasing viscosity of the intestinal contents alters small intestinal structure and 
intestinal growth, and stimulates proliferation of enterotoxigenic Escherichia coli in 
newly-weaned pigs. Brit. J. Nutr. 86:487-498. 
Miller, S. S.; Wood, P. J.; Pietrzak, L. N.; Fulcher, R. G. 1983. Mixed linkage 
β-glucan, protein content, and kernel weight in Avena species. Cereal Chem. 
70:231-233. 
Miller, S. S., Fulcher, R. G. 1995. Oat endosperm cell walls: II. Hot-water 
solubilization and enzymatic digestion of the wall. Cereal Chemistry 72:428-432. 
Morgan, K. R. and Ofman, D. J. 1998. Glucagel, a gelling β-glucan from 
barley. Cereal Chemistry 75:879-881. 
Morrison, W. R. and Tester, R. F. 1991. Chemical and physical factors that 
affect cereal starches. In Cereals International; Martin, D. J., Wrigley, C. W., Eds; 
Royal Australian Chem. Inst.: Melbourne, Australia. pp 135-138. 
O’Conner, J., Perry, H. J., Harwood, J. L. 1992. A Comparison of Lipase 
31 
 
Activity in Various Cereal Grains. J. Cereal Sci. 16: 153-163. 
Peterson, D. M., Senturia, J., Youngs, V. L., Schrader, L. E. 1975. Elemental 
Composition of Oat Groats.  J. Agr. Food Chem. 23:9-13. 
Peterson, D. M. and Wood D. F. 1997. Composition and structure of high oil 
oat. Journal of Cereal Science 26:121-128. 
Peterson, D. M. and Brinegar, A. C. 1986. Oat storage proteins, In Oats: 
Chemistry and Technology. Webster, F.H. ed. American Association of Cereal 
Chemistry, St Paul. pp 153-203. 
Peterson, D. M., Wesenberg, D. M., and Burrup, D. E. 1995. β-Glucan content 
and its relationship to agronomic characteristics in elite oat germplasm. Crop Sci. 
35:965-970. 
P Jackson. 1990. The use of polyacrylamide-gel electrophoresis for the 
high-resolution separation of reducing saccharides labelled with the fluorophore 
8-aminonaphthalene-1,3,6-trisulphonic acid. Detection of picomolar quantities by an 
imaging system based on a cooled charge-coupled device. Biochem. J. 270:705-713 
Ramulu, P. and Udayasekhara, R. 1997. Effect of processing on dietary fiber 
content of cereals and pulses, Plant Foods Hum. Nutr. 50: 249. 
Rasper, V. F. 1979. Chemical and physical characteristics of dietary cereal 
fiber. In: Dietary Fiber: Chemistry and Nutrition. G.E. Inglett and S.I. Falkehag, eds. 
Academic Press, New York. pp93-115. 
Ronald E. and Jonsoo L. 2004. Vitamin E: Food Chemistry, Composition, and 
Analysis. 530. 
Salisbury, K. D. and Wichser, W. D. 1971. Oat milling-systems and products. 
Bulletin Association of Operative Millers, 3242-3247. 
Salo, M.-L. and Kotilainen, K. 1970. On the carbohydrate composition and 
32 
 
nutritive value of some cereals. Journal of the Scientific Agriculture Society, Finland, 
42:21-29. 
Saulnier, L., Gevaudan, S., Thibault, J. F., 1994. Extraction and partial 
characterization of β-glucan from the endosperms of two barley cultivars. Journal of 
Cereal Science 19:171-178. 
Savin, R., and Molina-Cano, J. L. 2001. Changes in malting quality and its 
determinants in response to abiotic stresses. In: Barley Science: Recent Advances 
from Molecular Biology to Agronomy of Yield and Quality. G. A. Lafer, J. L. 
Molina-Cano; R. Savin, J. L. Araus, and I. Romagossa, eds. Haworth Press: London. 
pp 523-544. 
Sayar, S., Jannink, J-L., White, P. J. 2007. Digestion residues of typical and 
high β-glucan oat flours provide substrates for in vitro fermentation. J. Agric. Food 
Chem. 55:5308-5311. 
Sayar, S., Jannink, J.-L., White, P. J. 2005. In vitro bile acid binding of flours 
from oat lines varying in percentage and molecular weight distribution of β-glucan. J. 
Agric. Food Chem. 53:8797-8803. 
Schrickel, D. J. 1986. Oats production, Value and Use. In Oats: Chemistry and 
Techonology. F. H. Webster ed. American Association of Cereal Chemists: St. Paul, 
MN. Encyclopædia Britannica, Inc. pp1-12. 
Shukla, T. P. 1975. Chemistry of oats: Protein foods and other industrial 
products. Crit. Rev. Food Sci. Nutr. 6:383-431. 
Skendi, A., Biliaderis, C. G., Lazaridou, A., Izydorczyk, M. S. 2003. Structure 
and rheological properties of water soluble β-glucans from oat cultivars of Avena 
sativa and Avena byzantina. Journal of Cereal Science 38:15-31. 
Sopade, P. A., Hardin, M., Fitzpatrick, P., Desmee, H., Halley, P.  2006. 
33 
 
Macromolecular interactions during gelatinisation and retrogradation in starch-whey 
systems as studied by Rapid Visco-Analyser. Int. J. Food Eng. 2:1-17. 
Strain, J. J., Hannigan, B. M., McKenna, P. G. 1991. The pathophysiology of 
oxidant damage. Journal of Biomedical Sciences 2:19-24. 
Suortti, T., Johansson, L., Auto, K. 2000. Effect of heating and freezing on 
molecular weight of oat β-glucan. American Association of Cereal Chemists, Annual 
Meeting . Abstract No. 332. 
Symons, L. J. and Brennan, C. S. 2004. The effect of barley β-glucan fibre 
fractions on starch gelatinisation and pasting characteristics. Journal of Food Science 
69:257-261. 
Tappy, L., Gügolz, E., Würsch, P., 1996. Effects of breakfast cereals 
containing various amounts of b-glucan fibers on plasma glucose and insulin 
responses in NIDDM subjects. Diabetes Care 19:831-834. 
Temelli, F. 1997. Extraction and functional properties of barley β-glucan as 
affected by temperature and pH. Journal of Food Science 62:1192:1201. 
Tester, R. and Morrison, W. R. 1990. Swelling and gelatinization of cereal 
starches. I. Effect of amylopectin, amylose, and lipids. Cereal Chem. 67:551-557. 
Theuwissen, E.; Mensink, R. P. 2008. Water-soluble dietary fibers and 
cardiovascular disease. Physiology and Behavior 94: 285-292. 
Thompson, L. U. 1994. Antioxidants and hormonemediated health benefits of 
whole grains, Crit. Rev. Food Sci. Nutr. 34:473. 
Tietyen, J. L., Nevins, D. J., Shoemaker, C. F., Schneeman, B. O. 1995. 
Hypocholesterolemic potential of oat bran treated with an endo β-d-glucanase from 
Bacillus subtilis. Journal of Food Science 60:558-560. 
Vårum, K. M. and Smidsrød, O. 1988. Partial chemical and physical 
34 
 
characterisation of (1→3)(1→4)-β-glucans from oat (Avena sativa L.) aleurone. 
Carbohydr. Polym. 9:103-117. 
Vårum, K. M., Martinsen, A., and Smidsrød, O. 1991. Fractionation and 
viscometric characterisation of a (1→3)(1→4)-β-D-glucan from oat, and universal 
calibration of a high-performance size exclusion chromatographic system by the use 
of fractionated b-glucans, alginates and pullulans. Food Hydrocolloids 5:363-373. 
Wang, Q. and Cui, S. W. 2005. Understanding the physical properties of food 
polysaccharides. In Food carbohydrates: chemistry, physical properties, and 
applications; Cui, S.W., Ed.; CRC Press: Boca Raton, FL. pp 161-218. 
Welch, R. W., Peterson, D. M., Schramka, B. 1988. Hypocholesterolemic and 
gastrointestinal effects of oat bran fractions in chicks. Nutrition Reports International 
38:551-561. 
Welch, R. W., Hayward, M. V., Jones, D. I. H. 1983. The composition of oat 
husk and its variation due to genetic and other factors. Journal of the Science of Food 
and Agriculture 34:417-426. 
Welch, R.W. The chemical composition of oats. 1995. In The Oat Crop 
production and Utilization. Welch, R.W. ed. Chapman & Hall: New York, NY. pp 
79-320. 
Welch, R. W., McVeigh, A. M. and Murphy, C. 1990. Hypocholesterolemic 
and other responses to oat bran intake in human. Proceeding of the Nutrition Society, 
49:50A. 
Wood, P.J., Weisz, J., Blackwell, B.A., 1994a. Structural studies of (1→3) 
(1→4)-β-D-glucans by 13C-nuclear magnetic resonance spectroscopy and by rapid 
analysis of cellulose-like regions using high-performance anion-exchange 
chromatography of oligosaccharides released by lichenase. Cereal Chemistry 
35 
 
71:301-307. 
Wood, P. J., Braaten, J. T., Scott, F. W., Riedel, K. D., Wolynetz, M. S., Collins, 
M. W. 1994. Effect of dose and modification of viscous properties of oat gum on 
plasma glucose and insulin following an oral glucose load. British Journal of 
Nutrition 72:731-743. 
Wood, P. J., Weisz, J. and W. Mahn. 1991. Molecular Characterization of 
Cereal, β-Glucans.II. Size-Exclusion Chromatography for Comparison of Molecular 
Weight. Cereal Chem 68(5):530 -536. 
Wood, P. J. Cereal β-glucans in diet and health. 2007. J. Cereal Sci. 
46:230-238. 
Mälkki, Y. and Virtanen, E. 2001. Gastrointestinal effects of oat bran and oat 
gum. Lebensm. Wiss. Technol. 34: 337-347. 
Wood, P. J. 1993. Physicochemical characteristics and physiological properties 
of oat (1-3),(1-4)-β-D-glucan. In Wood P.J. (ed.). Oat bran. American association of 
cereal chemistry, St. Paul, USA. pp 83-112. 
Yao, N., Jean-Luc Jannink, and Pamela J. White. 2007. Molecular Weight 
Distribution of (1→3)(1→4)-β-Glucan Affects Pasting Properties of Flour from Oat 
Lines with High and Typical Amounts of β-Glucan. Cereal Chem. 84(5):471–479. 
Yeoh, H.-H. and Watson, L. 1981. Systematic variation in amino acid 
compositions of grass caryopses. Phytochemistry 20:1041-1051. 
Yokoyama, W. H., Knuckles, B. E., Wood, D., Inglett, G. E. 2002. Food 
processing reduces size of soluble cereal β-glucan polymers without loss of 
cholesterol-reducing properties. Lee, T.-C.; Ho, C.-T. eds. Bioactive Compounds in 
Foods-Effects of Processing and Storage. ACS symposium series. American Chemical 
Society Washington, DC. 816:105-116. 
36 
 
Young, G. P. and Gibson, R. P. 1994. Butyrate and colorectal cancer cell. In 
Short Chain Fatty Acids. Binder, H. J., Cummings, J., Soergel, K. H., Eds. Klywer 
Academic Pub.: Dordrecht, Holland. pp 148-160. 
Zhang, D., Doehlert, D.C., Moore, W.R. 1998. Rheological properties of 
(1-3)(1-4)-β-D-glucans from raw, roasted, and steamed oat groats. Cereal Chemistry. 
75:433-438. 
Zhang, J.-X., Hallmans, G., Adlercreutz, H., _Aman, P., Westerlund, E., 
Lundin, E., Stenling, R. 1993. Effects of oat and rye fractions on biliary and fecal bile 
acid profiles in Syrian goldenhamsters. British Journal of Nutrition 70:525-536. 
Zhang M., Liang Y., Pei Y., Gao W.W., Zhang Z.S. 2009. Effect of Process on 
Physicochemical Properties of Oat Bran Soluble Dietary Fiber. J. Food Sci. 
74:C628-C636. 
Zhou, M., Robards, K., Glennie-Holmes, M., Helliwell, S. 2000. Effects of 
enzyme treatment and processing on pasting and thermal properties of oats. J. Sci. 
Food Agric. 80:1486-1494. 
 
 
 
 
 
 
 
 
 
 
 
37 
 
 
Table 1. Mineral Composition of Oat Groats a,b 
 
a
 Mean for six cultivars, one site, one or two seasons.  
b
 Data from Peterson and others 1975. 
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Table 2. Vitamin Contents of Oat Groats a,b 
 
a
 Values are given as mg/100 g. 
b
 Data for B vitamins from Shukla 1975 and for vitamin E from Perterson and 
Qureshi 1993 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 1. Cross Section of Oat Grain (
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Encyclopedia Britannica Inc.). 
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Figure 2. Linear Structure of β-Glucan in Oats. 
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Abstract 
Seven experimental oat lines with high (6.2-7.2%), medium (5.5-5.9%), and 
low (4.4-5.3%)  β-glucan concentrations were evaluated for contributions of 
β-glucan, starch, protein, and their interactions, to pasting properties of oat flours by 
using a Rapid Visco Analyser (RVA). Significant correlations (P < 0.05) between 
β-glucan concentration and pasting parameters of oat slurries were obtained under 
autolysis without 1 hr incubation, inhibition, and amylolysis. The relative decrease of 
viscosity after enzymatic hydrolysis of β-glucan correlated with β-glucan 
concentration (P < 0.05). These data demonstrated the important contribution of 
β-glucan to pasting.  The relative decrease of viscosity after either amylolysis or 
enzymatic removal of protein correlated with β-glucan concentration (P < 0.1), which 
might be explained by the considerable contribution of the interaction of β-glucan 
with starch and protein, to pasting. The viscosity decrease by hydrolysis of protein 
was much greater than the actual viscosity remaining after hydrolysis of both β-glucan 
and starch, reconfirming the importance of interactions between protein and other oat 
components to pasting. Optimal multiple linear regression (MLR) models were 
generated to predict key pasting parameters in both buffer without 1 hr incubation and 
silver nitrate solution by using a  stepwise procedure. The β-glucan concentration 
alone or together with the concentration of starch, rather than protein, was selected as 
the predictor under certain conditions. These results illustrated the major unit 
contribution of β-glucan, secondary unit contribution of starch, and minimal unit 
contribution of protein to pasting. 
 
Keywords: β-glucan, starch, protein, oat, RVA, pasting, multiple linear 
regression 
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Introduction 
Oat (Avena sativa), a multifunctional food, is nutritionally superior to many 
other unfortified cereals. Consumption of oat-based products can lower serum 
cholesterol levels, reduce glucose uptake, decrease plasma insulin response, and 
control weight through prolonged satiety (1-3).  These physiological effects of oats 
are primarily attributable to the elevation of viscosity in the gastrointestinal tract (4), 
caused mainly by the β-glucans. The increased luminal viscosity may lower the 
reabsorption of bile acid (BA) in the ileum, thus increasing BA excretion in the feces 
(5). Physical elimination of BA from the enterohepatic circulation necessitates 
increased synthesis of BA, consequently increasing cholesterol conversion into BA in 
the liver, and eventually decreasing serum cholesterol (6). The elevation of viscosity 
also slows intestinal transit, and delays gastric emptying and intestinal absorption of 
nutrients, such as digestible carbohydrates, thereby reducing postprandial 
hyperglycemia and insulin secretion.  These actions, in turn, increase satiety and 
promote weight loss (7, 8).  
The pasting properties of oat flours also impact textural attributes and 
consumer acceptance of food products. Oat slurries having short time to peak 
viscosity and high relative mean values of peak viscosity and final viscosity were 
related to greater acceptability by Australian consumers (9). Similarly, rolled oats with 
a relatively low peak viscosity and a delay in time to peak viscosity were 
unacceptable to consumers; although none of the standard quality control tests 
identified a problem (10). 
Three oat components may primarily impact the pasting properties of oat 
slurries: β-glucan, starch, and protein. β-glucan, a major component of starchy 
endosperm and aleurone cell walls of oat seeds, is an unbranched homopolysaccharide 
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composed of (1→4)-linked (~70%) and (1→3)-linked (~30%) β-D-glucopyranosyl 
units. β-glucans with a high water-binding capacity exhibit high viscosity at relatively 
low concentrations. Correlations between β-glucan concentration in oats and the 
viscosity of oat slurries were previously reported (11-13). The contribution of 
β-glucan to pasting was demonstrated by the significant decrease of apparent viscosity 
after enzymatic degradation of β-glucan with lichenase (EC 3.2.1.73) (14). Starch, the 
most abundant component in oats, constitutes nearly 60% of the dry matter of oat 
grain. Most studies on oats have focused on functions of isolated starch because of the 
difficulties of separating the effects of starch, β-glucans, and other oat components on 
pasting (15). In general, the pasting properties of starch are impacted by the ratio of 
amylose to amylopectin, and by the branch chain-length distribution of amylopectin. 
Amylopectin contributes to swelling of starch granules and pasting, whereas amylose 
inhibits swelling (16). Pasting properties of starch can also be influenced by its 
interactions with other components, such as sugars, lipids, proteins, emulsifiers, gums, 
salts, and pH modifiers (17-19). The protein content of oat groats ranges from 12-24%, 
the highest among cereals. The action of protease had no effect on the viscosity of 
barley slurries, indicating that proteins contributed little to the overall viscosity of 
barley-flour slurries (20). The addition of proteinase into oatmeal slurries caused 
significant but minor changes to some pasting parameters compared with the addition 
of β-glucanase (12), demonstrating minimal impact of protein on pasting properties of 
oatmeal slurries compared with that of β-glucan.  
The objective of this study was to investigate the contributions of β-glucan, 
starch, protein, and their interactions to the pasting properties of oat flours as 
measured with a Rapid Visco Analyser (RVA). Understanding how the individual and 
interactional effects of these three components in oats impact the pasting properties of 
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oat flours will help in the development of oat-based food products with desirable 
health benefits and sensory qualities.  
 
Materials and Methods 
Plant Material. Seven experimental oat lines, including IA03144-7 (IA44), 
IA03146-6 (IA46), IA03147-1 (IA47), IA03150-3 (IA50), IA03176-2 (IA76), 
IA03187-6 (IA87), and IA03192-4 (IA92), developed at Iowa State University, were 
grown in 2007 at the Agronomy and Agricultural Engineering Field Research Center 
near Ames, Iowa. These oat lines were previously shown to vary in β-glucan 
concentration and apparent viscosity (21). The oats were dehulled with an air-pressure 
dehuller (Codema, Eden Prairie, MN). The groats were ground in an ultra centrifugal 
mill (ZM-1, Retch GmbH & Co, Haan, Germany) fitted with a 0.5 mm sieve. 
Oat Composition. The moisture concentration of oat flours was determined 
by AACC Method 44-15A (22). The β-glucan concentration in flours was 
enzymatically determined by using AACC Method 32-23 (22), with the application of 
a mixed β-glucan linkage kit (Megazyme Int. Ireland Ltd., Wicklow, Ireland). The 
starch concentration in flours was analyzed by using AACC Method 76-13 (22). Oat 
flour proteins were determined by an automatic nitrogen analyzer (Elementar 
Analyzensysteme GmbH, Hanau, Germany) with a protein conversion factor of 6.25. 
Lipids were analyzed by the gravimetric method after extraction with petroleum ether 
on a Goldfisch system (22). All analyses were done at least in triplicate, averaged, and 
reported on a dry matter basis (db). 
Rapid Visco Analyser Measurement. An aliquot of oat flours (3.68 g, db) 
was dispersed either in sodium phosphate buffer (50 mM, PH 6.9) for all enzymatic 
treatments and autolysis, or in silver nitrate solution (16.7 mM) to promote inhibition 
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conditions. The total mass of each slurry was 28 g. The Rapid Visco Analyser (RVA, 
Newport Scientific, Warriewood, NSW, Australia) was used to measure the apparent 
viscosity of oat-flour slurries as a function of temperature, time, and stirring speed. 
The RVA test profile developed for oats included: 1) a stirring speed of 960 rpm for 
10 sec and 115 rpm for the remainder of the test; 2) a temperature program increasing 
from 40 to 90°C over 3 min, holding at 90°C for 6.5 min, decreasing to 40 °C over 4.5 
min, and holding at 40 °C for 5 min (12). The measured viscosity was read directly 
from the RVA and reported in centipoise (cP). The RVA pasting parameters were peak 
viscosity (PV, maximum viscosity developed during or soon after sample heating), 
trough (T, minimum viscosity after PV), breakdown (BD, PV minus T) , final 
viscosity (FV, viscosity at the end of test), setback (SB, FV minus T), and time to peak 
time (TTPV, time to reach PV).  
To evaluate the contribution of β-glucan, starch, protein, and their interactions, 
to pasting, specific enzymes were used to systematically eliminate one or two 
components in oat slurries at a time. The impact of each enzymatic treatment was 
determined by comparison with the corresponding control. Seven different conditions 
(four enzymatic treatments and three controls) were used to measure the viscosities: 1) 
removal of starch from the system by adding thermostable α-amylase (125 U/g of 
flour, db; EC 3.2.1.1, Sigma-Aldrich Co., St Louis, MO) immediately before pasting 
measurements; 2) removal of β-glucan with added lichenase (100 U/ g flour, db, EC 
3.2.1.73, Megazyme Int. Ireland Ltd., Wicklow, Ireland) at 40°C for 1 hr before 
pasting; 3) removal of protein with added proteinase K (16.47 U/g of Flour, db; EC 
3.4.21.64, Sigma-Aldrich Co., St Louis, MO) at 40°C for 1 hr prior to pasting; 4) 
removal of both β-glucan and starch with added lichenase at 40°C for 1 hr, followed 
by adding α-amylase immediately before pasting; 5) autolysis (sodium phosphate 
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buffer for dispersion) during pasting (control for α-amylase treatment) ; 6) autolysis at 
40°C for 1 hr prior to pasting (control for both proteinase K treatment and lichenase 
plus α-amylase treatment); and 7) inhibition (dispersion in silver nitrate solution) 
during pasting (control for lichenase treatment).  
The α-amylase randomly hydrolyzes α-(1→4)-glycosidic linkages along the 
starch chain, resulting in a mixture of linear and branched oligosaccharides, and 
eventually yielding maltotriose and maltose from amylose, or maltose, glucose, and 
α-limit dextrin from amylopectin (23). The lichenase specifically cleaves 
β-(1→4)-glycosidic linkages of the 3-O-substituted glucose residues in β-glucan, 
yielding oligosaccharides with different degrees of polymerization (24). The 
proteinase K is a stable and highly reactive serine protease, catalyzing hydrolysis of a 
wide variety of peptide bonds. Unlike α-amylase, lichenase and proteinase K are not 
thermostable during pasting. The hydrolysis of β-glucan or protein was conducted by 
mixing the slurries at 115 rpm for 1 hr in the RVA right before applying the RVA test 
profile just described. The sodium phosphate buffer was used to study the autolytic 
effect (hydrolysis by endogenous β-glucanases) of oat-flour slurries on viscosity. 
Silver nitrate solution was employed to study the intrinsic viscosity of oat slurries by 
inhibiting endogenous β-glucanases (25). The viscosity profiles developed with 
enzymatic treatments were compared with profiles in sodium phosphate buffer or 
silver nitrate solution obtained with the same program. The RVA measurements were 
performed at least in duplicate for all oat flours.  
Statistical Analysis. Results were analyzed by using statistical analysis 
software (SAS 9.1, SAS Institute Inc., Cary, NC). The paired t-test was conducted to 
determine whether the means of each RVA pasting parameter in enzymatic treatments 
differ from those in the controls with P < 0.05. Multiple comparisons among the 
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means of each RVA pasting parameter for different oat lines were performed by using 
the least significant difference (LSD) test at α = 0.05. Linear regression analyses were 
used to establish a relationship among variables with P < 0.05. Prediction models for 
the key pasting parameters under certain conditions were developed by multiple linear 
regression (MLR) using a stepwise procedure at a 0.1 significance level. 
 
Results and Discussion 
Chemical Composition of Oat Groats. The seven experimental oat lines 
chosen for this study had a broad range of β-glucan concentrations (Table 1). The 
IA47 line contained a typical level of β-glucan (4.4%).  The β-glucan concentrations 
in the other six oat lines were between 5.3% and 7.2%, which are greater than the 
typical values reported for domestic A. sativa cultivars (3.7%-5.0%) (26). Starch 
concentrations were between 51.1% and 59.6%, with the greatest concentration in 
IA50 line. Protein percentages were between 17.5% and 21.3%, which is within the 
range of reported values for common oat cultivars (16.7%-22.1%) (26). Lipid 
concentrations were between 5.3% and 7.8%, in accord with the normal range of groat 
oil concentration reported in the literature (5%-9%) (27).  
Pasting Properties of Oat Flours under Autolytic and Inhibition 
Conditions. Buffer (as required for enzymatic treatments), instead of water, was used 
to prepare oat slurries for RVA measurements under autolytic conditions. Use of 
buffer or water did not affect the pasting properties of freshly prepared oat flours, but 
did impact slurries held for 1 hr (to allow enzymatic hydrolysis) (12).  Therefore, 
buffer was used as the solution to study autolysis of oat flours and also to serve as the 
control for certain enzymatic treatments. Moreover, holding of oat slurries in buffer 
for 1 hr caused significant changes in pasting properties (Table 2). After holding, the 
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PV decreased by 43.2% to 72.7% and the T decreased by 36.8% to 66.3% (P < 0.001). 
The greatest changes occurred with the FV, which decreased by 62.8% to 84.3% (P < 
0.001). The TTPV was 17.8% to 33.3% longer in held slurries than in fresh slurries (P 
< 0.001). The decrease of PV, T, and FV and the increase of TTPV might be explained 
by physical changes during flour hydration, action of endogenous enzymes in flours, 
or interactions between them (11, 12).  
The key pasting parameters corresponding to each oat line under inhibition 
conditions are reported in Table 3. Use of silver nitrate solution significantly 
increased PV (P < 0.001), T (P = 0.051), and FV (P = 0.001); and decreased TTPV (P 
< 0.001) compared with the buffer alone without 1 hr incubation (Table 2, 3). These 
changes could be partly explained by the inactivation of natural β-glucan-degrading 
enzymes in silver nitrate solution. The increase of PV under inhibition conditions has 
also been reported in oats, barley, and malts by previous researchers (14, 25). 
The β-glucan concentration correlated with PV and FV under conditions of 
autolysis without 1 hr incubation (r = 0.789, P = 0.035 for PV and r = 0.777, P = 
0.040 for FV) and inhibition conditions (r = 0.812, P = 0.027 for PV and r = 0.869, P 
= 0.011 for FV), confirming the important contribution of β-glucan to the pasting 
properties.  
Effect of Thermostable α-amylase on Pasting Properties. With amylolysis, 
all starch-related viscosity-contributive factors, such as starch concentration, amylose 
content, amylopectin structure, and interaction between starch and other oat 
components were concomitantly eliminated. Clearly, β-glucan, a component with a 
high water-binding capacity, was the major pasting contributor under this condition. 
β-glucanase, a possible trace contaminant in α-amylase, should not interfere with 
β-glucan contribution to pasting under amylolysis because of its thermolabile property 
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(14). 
The β-glucan concentration positively correlated with PV (r = 0.829, P = 
0.021), T (r = 0.951, P = 0.001), and FV (r = 0.994, P < 0.001) (Table 1, 4). The 
increasing correlation from PV, T, to FV could be explained by the decreasing starch 
contribution to pasting.  However, the TTPV depended on oat lines, not on β-glucan 
concentration (P > 0.05). The correlations between β-glucan concentration and actual 
viscosities after amylolysis demonstrated the importance of the β-glucan contribution 
to pasting. The results also indicated that RVA was sensitive enough to detect 
viscosity differences, which were mainly attributable to β-glucan concentration 
variations among oat lines (14). 
The starch hydrolysis caused by added α-amylase decreased PV, T, FV, and 
TTPV compared with the profile obtained in buffer without 1 hr incubation (Figure 1). 
The effect of α-amylase on pasting parameters was evaluated by comparing viscosity 
profiles obtained during amylolysis with those during autolysis without 1 hr 
incubation. The data were calculated as the relative percentage of viscosity or time 
difference: (PV buffer 0 hr – PV α-amylase)/ PV buffer 0 hr, (T buffer 0 hr – T α-amylase)/ T buffer 0 hr, 
(FV buffer 0 hr – FV α-amylase)/ FV buffer 0 hr, and (TTPV buffer 0 hr – TTPV α-amylase)/ TTPV 
buffer 0 hr. The most affected parameter was T followed by PV and FV; and the least was 
TTPV (Table 2, 4). The relative viscosity decreases for T and FV after amylolysis 
were correlated with the β-glucan concentration (r = -0.945, P = 0.001 for T and r = 
0.839, P = 0.018 for FV). Since the relative viscosity decreases after amylolysis 
reflected the contribution of starch-related factors, including starch alone and its 
interactions with other oat components to pasting, these correlations might be 
explained by the considerable contribution of the interaction between β-glucan and 
starch, to pasting.  
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Effect of Lichenase on Pasting Properties. The addition of lichenase 
specifically removed β-glucan in oat slurries, and eliminated the contribution of 
β-glucan to pasting. Under this situation, starch became the major component 
responsible for swelling and pasting. To verify the absence of α-amylase 
contamination in lichenase, preliminary experiments were conducted by using Sigma 
corn starch (3.68 g, db) instead of oat flours. The pasting parameters (PV, T, FV, and 
TTPV) were not different among treatments with and without the addition of 
lichenase (P > 0.05), indicating no existence of α-amylase in lichenase.  
Compared with amylolysis, the PV and T obtained under lichenase treatment 
were greater, whereas FV was less (P < 0.05, Table 4). These results indicated that, 
overall, the starch-related factors contributed more to PV and T, whereas β-glucan 
played a more important role for FV. The relationship between starch concentration 
and pasting parameters under lichenase treatments was investigated (Table 1, 4). 
According to the proximate analyses of all samples summarized in Table 1, the IA46, 
IA92, IA50, IA76, and IA47 oat flours were similar in starch content (P > 0.05). 
However, IA92 and IA50 slurries had greater PV than IA46 and IA76 (P < 0.05). 
IA92, IA50, and IA47 slurries had greater T values than IA46 (P < 0.05).  IA92 
slurry had a greater FV than IA46, IA76, and IA47 (P < 0.05).  Similarly, IA44 and 
IA87 oat flours were similar in starch content (P > 0.05), but different in FV (P < 
0.05).  These results might be explained by underlying structural differences in the 
amylose and amylopectin components of the different oat lines, and their interactions 
with other oat components under test conditions.  
The β-glucan hydrolysis by added lichenase dramatically decreased PV, T, and 
FV while increasing TTPV compared with the profile obtained in silver nitrate 
solution (Figure 2), confirming the important contribution of β-glucan to pasting 
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properties. The effect of lichenase on pasting parameters was evaluated by comparing 
viscosity profiles obtained under enzymatic hydrolysis of β-glucan with added 
lichenase with those in silver nitrate solution, and calculated as the relative percentage 
of viscosity or time difference:  (PV AgNO3 – PV lichenase)/ PV AgNO3, (T AgNO3– T 
lichenase)/ T AgNO3, (FV AgNO3– FV lichenase)/ FV AgNO3, and (TTPV lichenase – TTPV AgNO3)/ 
TTPV AgNO3. Different from amylolysis, the most affected parameter was FV, 
followed by PV and T; while the least was TTPV (Table 3, 4). The relative decrease 
of FV was significantly correlated with β-glucan concentration (r = 0.987, P < 0.001). 
In other words, when β-glucan concentration in oats was greater, the relative viscosity 
decrease for FV was greater, which reconfirmed the critical role of β-glucan in pasting 
parameters, especially for FV. Other researchers also noted that enzymatic removal of 
β-glucans led to modifications of pasting properties, confirming the important 
contribution of β-glucan to pasting properties (12, 14, 20, and 25).  
Effect of Proteinase K on Pasting Properties. The removal of protein by 
proteinase K resulted in slurries with the highest PV, T, and FV among all the 
enzymatic treatments (Table 4, 5). The effect of proteinase K on pasting parameters 
was evaluated by comparing viscosity profiles obtained after enzymatic removal of 
protein with those under autolysis with 1 hr incubation (Figure 3), and calculated as 
the relative percentage of viscosity or time difference:  (PV buffer 1 hr – PV proteinase K)/ 
PV buffer 1 hr, (T buffer 1 hr – T proteinase K)/ T buffer 1 hr, (FV buffer 1 hr – FV proteinase K)/ FV buffer 1 
hr, and (TTPV buffer 1 hr – TTPV proteinase K)/ TTPV buffer 1 hr. The PV decreased by 25.4% 
to 51.9% (P < 0.001); the T decreased by 24.9% to 53.4% (P = 0.003); and the TTPV 
decreased by 10.3% to 10.6% (P = 0.020) (Table 2, 5). The greatest decreases 
occurred for the FV, with declines ranging from 36.4% to 62.1% (P = 0.002). The 
relative decrease of PV, T, and FV by adding proteinase K was much smaller than that 
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obtained by adding α-amylase or lichenase. These results demonstrated that proteins 
contribute to pasting much less than do β-glucans and starches. Moreover, the relative 
decrease of FV, T, and FV was weakly correlated with β-glucan concentration (r = 
0.705, P = 0.077 for PV; r = 0.675, P = 0.096 for T; and r = 0.728, P = 0.064 for FV), 
which might be explained by the contribution of interactions between β-glucan and 
protein to pasting. Other researchers also reported that enzymatic removal of protein 
from oat-flour slurries decreased PV and T by about 15% (12).  
Effect of Lichenase plus Thermostable α-amylase on Pasting Properties. 
The addition of lichenase and α-amylase eliminated all β-glucan- and starch-related 
effects (including their interaction with protein) to pasting, and presented almost the 
sole contribution of protein to pasting. The PV under this condition was negatively 
correlated with β-glucan concentration (r = -0.881, P = 0.009), which indicated the 
higher the β-glucan concentration, the less the sole contribution of protein to pasting 
in the selected oat lines. The actual viscosities for PV, T, and FV obtained under this 
condition were much smaller than the viscosity decrease after enzymatic removal of 
protein, demonstrating the important contribution of interactions between protein and 
other oat components to pasting (Table 5). The effect of lichenase plus α-amylase on 
pasting parameters was evaluated by comparing viscosity profiles obtained after 
enzymatic removal of β-glucan and starch with profiles under autolysis with 1 hr 
incubation (Figure 3), and calculated as the relative percentage of viscosity or time 
difference:  (PV buffer 1 hr – PV lichenase + α-amylase)/ PV buffer 1 hr, (T buffer 1 hr – T lichenase + 
α-amylase)/ T buffer 1 hr, (FV buffer 1 hr – FV lichenase + α-amylase)/ FV buffer 1 hr, and (TTPV buffer 1 hr 
– TTPV
 lichenase + α-amylase)/ TTPV buffer 1 hr. The PV decreased by 95.1% to 97.8% (P < 
0.001); the T decreased by 98.3% to 99.4% (P < 0.001); the FV decreased by 97.9% 
to 99.3% (P < 0.001); and the TTPV decreased by 10.6% to 11.3% (P < 0.001) (Table 
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2, 5). In other words, less than 5% of the values for PV, T, and FV were attributable to 
the sole contribution of protein, reconfirming the minimal effect of protein on pasting.  
 MLR Models to Predict the Key Pasting Parameters.  To better 
understand the unit effects of β-glucan, starch, and protein to pasting as a whole 
system, we attempted to construct optimal MLR models to predict the key pasting 
parameters (PV, T, and FV) in buffer without 1 hr incubation and in silver nitration 
solution. Three specific predictors (concentration of β-glucan, starch, and protein) 
were chosen for MLR model selection, primarily for two reasons. First, previous 
literature and our current findings showed these variables as the most potentially 
influential factors to pasting. Second, adding more predictors would threaten the 
model accuracy. Four prediction models were generated for PV and FV based on a 
sequence of F-tests (Table 6). As to T, no prediction model was obtained at the 0.1 
significance level.  
 For PV prediction in both buffer without 1 hr incubation and silver nitrate 
solution, only β-glucan concentration was selected as the predictor (explanatory 
variable), indicating the unit contribution of β-glucan to PV was much greater than 
that of starch or protein under both conditions. The Model R square represents a 
measure of the global fit of the model. The R square equal to 0.657 for the silver 
nitrate solution model may be interpreted as follows: approximately 65.7 % of the 
variation in PV can be explained by the β-glucan concentration. Therefore, the model 
in silver nitrate solution accounted for more proportion of variability in PV (65.7%) 
than did the buffer model (62.1%).  
Similarly, for FV prediction in silver nitrate solution, the β-glucan 
concentration selected as the only predictor indicated that unit β-glucan contributed 
more to FV than did unit starch or protein under this condition. Nevertheless, the 
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concentrations of both β-glucan and starch were selected in the FV prediction model 
in buffer without 1 hr incubation, suggesting that both were more important for FV 
than was protein under this condition. The predictor difference of FV models in silver 
nitrate solution and in buffer without 1 hr incubation might be explained by the partial 
hydrolysis of β-glucan caused by endogenous β-glucanases during pasting. Moreover, 
the model in buffer accounted for more proportion of variability in FV (90.4%) than 
did the model in silver nitrate solution (75.4%).  
These findings demonstrated the important unit contribution of β-glucan to PV 
and FV in both silver nitration solution and buffer without 1 hr incubation, and of 
starch to FV in buffer without 1 hr incubation. Similar results were reported by using 
a partial least squares (PLS) model, specifically showing that the β-glucan 
concentration in oats could be better predicted by measuring the pasting profile in 
silver nitrate solution than in deionized water or in alkali solution (13).  
Overall, the individual effects of β-glucan, starch, and protein to pasting 
properties of oat flours were demonstrated. Their unit contributions to pasting were 
β-glucan > starch > protein. The interaction of β-glucan with starch or protein also 
contributed considerably to pasting. From a practical view, these findings showed 
β-glucan to be the major contributor to viscosity in oat-flour slurries; however, its 
interactions with other ingredients, especially starch and protein, illustrated the 
importance of evaluating oat components as a whole system, and not just in parts. 
Acknowledgement 
 This project was supported by the USDA-NRI Competitive Grants Program, 
award number 2007-02701. 
 
 
56 
 
Literature Cited 
(11) Welch, R. W. Oats in human nutrition and health. In The Oat Crop: Production 
and Utilization; Welch, R. W., Ed.; Chapman and Hall: London, U.K., 1995; pp 
433-471.  
(12) Food and Drug Administration. Food labeling: Health claims; oats and coronary 
heart disease. Federal Register. 1997, 62, 3584-3601. 
(13) Hallfrisch, J.; Facn; Behall, K.M. Mechanisms of the effects of grains on insulin 
and glucose responses. J. Am. Coll. Nutr. 2000, 19, 320S -325S. 
(14) Wood, P.J. Cereal β-glucans in diet and health. J. Cereal Sci. 2007, 46, 230-238. 
(15) Drzikova, B.; Dongowski, G.; Gebhardt, E.; Habel, A. The composition of 
dietary fibre-rich extrudates from oat affects bile acid binding and fermentation 
in vitro. Food Chem. 2005, 90, 181-192. 
(16) LaRusso, N. The role of bile acids in intestinal absorption of cholesterol. In Bile 
Acids in Gastroenterology; Barbara, L., Dowling, R.H., Hofmann, A.F., Roda, E., 
Eds.; MTP Press Ltd.: Boston, MA, 1983; pp 183-191.  
(17) Mälkki, Y.; Virtanen, E. Gastrointestinal effects of oat bran and oat gum. 
Lebensm. Wiss. Technol. 2001, 34, 337-347. 
(18) Lazaridou, A.; Biliaderis, C.G. Molecular aspects of cereal β-glucan functionality: 
Physical properties, technological applications and physiological effects. J. 
Cereal Sci. 2007, 46, 101-118. 
(19) Hall, M.B.; Tarr, A.W. Oat starch quality and relationships to other quality traits. 
In 6th International Oat Conference Proceedings; Cross, R.J., Ed.; New Zealand 
Institute for Crop & Food Research Ltd.: Christchurch, New Zealand, 2000; pp 
11. 
57 
 
(20) Glennie-Holmes, M. Rapid visco applications: Rolled oats. Newport 
Scientific-RVA World 8. 1996; pp 4. 
(21) Doehlert, D. C.; Zhang, D.; McMullen, M. S.; Moore, W. R. Estimation of mixed 
linkage beta-glucan concentration in oat and barley from viscosity of whole grain 
flour slurry. Crop Sci. 1997, 37, 235-238. 
(22) Zhou, M.; Robards, K.; Glennie-Holmes, M.; Helliwell, S. Effects of enzyme 
treatment and processing on pasting and thermal properties of oats. J. Sci. Food 
Agric. 2000, 80, 1486-1494. 
(23) Colleoni-Sirghie, M.; Jannink, J. L.; Kovalenko, I. V.; Briggs, J. L.; White, P. 
J.  Prediction of β-glucan concentration based on viscosity evaluations of raw 
oat flours from high β-glucan and traditional oat lines. Cereal Chem. 2004, 81, 
434-443. 
(24) Colleoni-Sirghie, M.; Jannink, J. L.; White, P. J.  Pasting and thermal properties 
of flours from oat lines with high and typical amounts of β-glucan. Cereal Chem. 
2004, 81, 686-692. 
(25)  Zhou, M.; Robards, K.; Glennie-Holmes, M.; Helliwell, S. Structure and pasting 
properties of oat starch. Cereal Chem. 1998, 75, 273-281. 
(26) Tester, R.; Morrison, W. R. Swelling and gelatinization of cereal starches. I. 
Effect of amylopectin, amylose, and lipids. Cereal Chem. 1990, 67, 551-557. 
(27) Kim, C.S.; Walker, C.E. Changes in starch pasting properties due to sugars and 
emulsifiers as determined by viscosity measurement. J. Food Sci. 1992, 57, 
1009-1013. 
(28) Morrison, W.R.; Tester, R.F. Chemical and physical factors that affect cereal 
starches. In Cereals International; Martin, D. J., Wrigley, C. W., Eds; Royal 
Australian Chem. Inst.: Melbourne, Australia, 1991, pp 135-138. 
58 
 
(29) Sopade, P. A.; Hardin, M. ; Fitzpatrick, P.; Desmee, H.; Halley, P. 
Macromolecular interactions during gelatinisation and retrogradation in 
starch-whey systems as studied by Rapid Visco-Analyser. Int. J. Food Eng. 2006, 
2, 1-17. 
(30) Izydorczyk, M. S.; Storsley, J.; Labossiere, D.; MacGregor, A. W.; Rossnagel, B. 
G. Variation in total and soluble β-glucan content in hulless barley effects of 
thermal, physical, and enzymic treatments. J. Agric. Food Chem. 2000, 48, 
982-989.    
(31) Chernyshova, A.A. Selection for high β-glucan content and good agronomic 
performance in oat grain. Master’s Thesis. Iowa State University, Ames, IA. 
2006. 
(32) AACC International. Approved Methods of the AACC, 10th ed.; Methods 44-15A, 
32-23, 76-13, 30-25; The Association: St. Paul, MN, 2000. 
(33) Xie, S. X.; Liu, Q.; Cui, S. W. Starch modifications and applications. In Food 
carbohydrates: chemistry, physical properties, and applications; Cui, S.W., Ed.; 
CRC Press: Boca Raton, FL; 2005; pp 357-406. 
(34) Cui, S. W. Structural analysis of polysaccharides. In Food carbohydrates: 
chemistry, physical properties, and applications; Cui, S.W., Ed.; CRC Press: 
Boca Raton, FL; 2005; pp 105-160. 
(35) Glennie-Holmes, M. Studies on barley and malt with the Rapid Viscoanalyser: [I] 
The effect of variations in physical and chemical parameters. J. Inst. Brew. 1995, 
101, 11-18. 
(36) Miller, S. S.; Wood, P. J.; Pietrzak, L. N.; Fulcher, R. G. Mixed linkage β-glucan, 
protein content, and kernel weight in Avena species. Cereal Chem. 1993, 70, 
231-233. 
59 
 
(37) Morrison, W. R. Cereal lipids. In Advances in Cereal Science and Technology; 
Pomeranz, Y., Ed.; Am. Assoc. of Cereal Chem.: St. Paul, MN; 1978; Vol. 2, pp 
221-348. 
60 
 
Table 1. Chemical Composition (%, db) of Flours from Different Oat Lines a 
 
a Values are means of n measurements ± standard deviation. Values within a 
column followed by a common letter (a-g) are not significantly different (P > 0.05). 
b N × 6.25. 
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Table 2. Pasting Properties of Oat Flours under Autolytic Conditions a, b 
 
a Values are means of n = 3 measurements ± standard deviation. Values within a column followed by a common letter (a-d) are not 
significantly different (P > 0.05). 
b PV, peak viscosity; T, trough; FV, final viscosity; TTPV, time to peak viscosity. 
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Table 3. Pasting Properties of Oat Flours under Inhibition Conditions a, b  
 
a Values are means of n = 3 measurements ± standard deviation. Values within 
a column followed by a common letter (a-d) are not significantly different (P > 0.05). 
b PV, peak viscosity; T, trough; FV, final viscosity; TTPV, time to peak 
viscosity. 
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Table 4. Pasting Properties of Oat Flours After Treatment with Added α-Amylase and Lichenase a, b 
 
a Values are means of n = 3 measurements ± standard deviation. Values within a column followed by a common letter (a-e) are not 
significantly different (P > 0.05). 
b PV, peak viscosity; T, trough; FV, final viscosity; TTPV, time to peak viscosity. 
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Table 5. Pasting Properties of Oat Flours After Treatment with Added Proteinase K and Lichenase plus α-Amylase a, b 
 
a Values are means of n = 2 measurements ± standard deviation. Values within a column followed by a common letter (a-c) are not 
significantly different (P > 0.05). 
b PV, peak viscosity; T, trough; FV, final viscosity; TTPV, time to peak viscosity. 
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Table 6. Optimal Multiple Linear Regression Models to Predict the Key Pasting Parameters 
by Stepwise Procedure a  
 
a PV, peak viscosity; FV, final viscosity.  
 
 
  
Figure 1. Viscosity profiles of 
hydrolysis of starch with thermostable 
  
IA46 slurries in buffer without 1 hr incubation and after 
α-amylase. 
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Figure 2. Viscosity profiles of 
hydrolysis of β-glucan with lichenase for 1 hr.
  
IA46 slurries in silver nitrate soluti
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on and after 
 
Figure 3. Viscosity profiles of 
α-amylase plus lichenase solution all after 1 hr incubation at 40
  
IA46 slurries in 1) buffer, 2) proteinase K, and 3) 
°C with mixing. 
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ABSTRACT 
Seven experimental oat lines with high (5.9-7.2 %), medium (5.3-5.5 %), and low 
(4.4 %) β-glucan concentrations were evaluated for the effects of β-glucan molecular weight 
(MW) and structure on viscosities of oat-flour slurries. The MW of β-glucans was determined 
by size-exclusion high-performance liquid chromatography (SE-HPLC). The structural 
features of β-glucans were measured by using fluorophore-assisted capillary-electrophoresis 
(FACE) after complete hydrolysis with lichenase. The oat-slurry viscosities were measured 
on a Rapid Visco Analyser (RVA) under four conditions: 1) without starch (amylolysis, 
removal of starch by α-amylase); 2) without β-glucan (removal of β-glucan by lichenase); 3) 
natural action of enzymes (autolysis, in sodium buffer); and 4) inhibition of enzymes (in 
silver nitrate solution). Excluding one line, significant correlations (P < 0.05) between peak 
MW of β-glucan and viscosities of oat slurries were obtained under amylolysis, autolysis, and 
inhibition. The ratio of degree of polymerization (DP) 3/DP4 negatively correlated with 
viscosity under amylolysis, autolysis, and inhibition (P < 0.05). The amount of DP ≥5 
negatively correlated with pasting final viscosity after β-glucan removal by lichenase (P < 
0.05), which might be explained by the contribution of the interaction between the 
cellodextrin-like sequences (DP ≥5) of β-glucan and starch to viscosity. Positive correlations 
(P < 0.05) between the ratio of β-(1→4)/β-(1→3) linkages and viscosities under autolysis and 
inhibition were found. Overall, these findings demonstrated that the peak MW, ratio of 
DP3/DP4, amount of DP≥5, and ratio of β-(1→4)/β-(1→3) linkages of β-glucans impacted 
pasting properties of oat-flour slurries.  
 
Keywords: β-glucan, oat, molecular weight, structural features, pasting  
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Introduction 
Oats (Avena sativa L.), normally consumed as a whole grain, are an excellent source 
of dietary fiber, especially of the water-soluble mixed-linkage (1→3) (1→4)-β-D-glucans 
(β-glucans). β-Glucans are linear homopolysaccharides of D-glucopyranosyl units, primarily 
located in the sub-aleurone and endosperm cell wall. They consist of consecutively 
(1→4)-linked residues in blocks separated by single (1→3)-linkages (Lazaridou and 
Biliaderis 2007, Figure 1). Numerous laboratory and clinical studies have demonstrated that 
consumption of oat β-glucans can reduce serum cholesterol, glucose uptake, and insulin 
response in humans (Davidson and others 1991; Braaten and others 1994; Mälkki and 
Virtanen 2001; Wood 2007). In 1997, the U.S. Food and Drug Administration (FDA) 
approved a health claim stating that consumption of soluble fiber, i.e. β-glucan, from whole 
oats may reduce the risk of coronary heart disease (CHD) (FDA 1997). These nutritional 
benefits are primarily attributable to the increased luminal viscosity caused by β-glucans 
(Wood and others 1994a). 
 In a freshly prepared solution, β-glucans behave as random-coil polysaccharides and 
exhibit high-flow viscosity at relatively low concentrations (Wood 2002). The viscosity of the 
β-glucan solutions depends on their concentration and molecular size (Wood and others 1991). 
Correlations between β-glucan concentration in oats and the viscosity of oat slurries 
previously were reported (Doehlert and others 1997; Zhou and others 2000; Colleoni-Sirghie 
and others 2004). The reported values for MW ranged from 0.35 × 105 to 41.2 × 105, with 
differences likely related to genetic and environmental factors as well as to the methods used 
for extraction, purification, and determination (Wood and others 1991; Beer and others 1997; 
Skendi and others 2003; Lazaridou and others 2003; Yao and others 2007). Positive 
correlations between β-glucan MW and the viscosity of oat slurries were previously reported, 
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which suggested that β-glucan MW might be predicted by viscosity measurements (Yao and 
others 2007).  
The physical properties (viscosity and solubility) of β-glucans in aqueous solutions 
may also depend on their structural features (Woodward and others 1983; Gómez and others 
1997). Previous studies showed that the major hydrolysis products of β-glucans (≥90%) are 
3-O-β-cellobiosyl-D-glucose (DP3) and 3-O-β-cellotriosyl-D-glucose (DP4), with a small 
amount (~ 5-10%) of cellodextrin-like oligosaccharides (DP ≥5), containing more than three 
consecutive 4-O-β-linked glucose residues (Wood and others 1994b). In addition, the 
amounts of DP ≥  5, ratio of DP3/DP4, and ratio of β-(1→4)/β-(1→3) linkages seem to be 
important determinants of physical properties, such as viscosity and water solubility (Buliga 
and others 1986; Böhm and Kulicke, 1999; Cui and Wood 2000; Skendi and others 2003).  
From the aspect of concentration, we previously reported that β-glucan was the major 
unit contributor of pasting, and its interaction with starch or protein also contributed 
considerably to pasting (Liu 2010). However, the impacts of β-glucan molecular-structural 
characteristics on the viscosity of oat slurries are not fully understood. Using the same 
experimental oat lines with different β-glucan concentrations, this study aimed to evaluate the 
effects of fine structure and MW of β-glucans on viscosity of oat-flour slurries, which likely 
are predictors of health benefits and sensory qualities. 
 
Materials and Methods 
Oat Grains 
Seven experimental oat (Avena sativa) lines, including IA03146-6 (IA46), IA03147-1 
(IA47), IA03150-3 (IA50), IA03176-2 (IA76), IA03187-6 (IA87), IA03192-4 (IA92), and 
IA03144-7 (IA44), were grown in 2007 at the Agronomy and Agricultural Engineering Field 
Research Center near Ames, Iowa. They were developed at Iowa State University, and chosen 
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to span a broad range of β-glucan concentrations. Detailed compositional information about 
the oat lines previously was reported (Liu 2010). The IA47 line contained a typical β-glucan 
level (4.4%).  The β-glucan concentrations in six other oat lines (5.3% – 7.2%) were greater 
than the typical values reported for domestic A. sativa cultivars (3.7% – 5.0%) (Miller and 
others 1993).  
 
Oat Treatment and Extraction of β-Glucans  
The oats were dehulled with an air-pressure dehuller (Codema, Eden Prairie, MN). 
The resulting hull-less kernels (groats) were ground in an ultra centrifugal mill (ZM-1, Retch 
GmbH & Co, Haan, Germany) with a 0.5 mm sieve.  
The water-soluble β-glucans were extracted by using a relatively mild aqueous 
extraction method (Westerlund and others 1993) with modifications (Yao and others 2007). 
The natural β-glucanase in oats was inactivated with the treatment of hot petroleum 
ether/isopropanol. The protein of oat flours was removed by adding pancreatin during 
extraction. After ethanol precipitation of polymers overnight, the precipitate was isolated by 
centrifuging at 3100×g for 20 min, and re-dissolved in deionized water at 70 to 80 °C assisted 
with magnetic stirring. The suspension was freeze-dried after extraction. Because the 
purification of extracted β-glucans by ammonium sulfate precipitation and dialysis was not 
needed for MW measurements (Yao and others 2007), these steps were omitted to save time. 
The β-glucan concentrations in extracts were measured enzymatically by using AACC 
Method 32-23, with the application of a mixed β-glucan linkage kit (Megazyme Int. Ireland 
Ltd., Wicklow, Ireland).  
 
Molecular Weight Determination 
The relative molecular weight (MW) of β-glucan extracts, including peak MW and 
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number-average MW (Mn), was determined by using size-exclusion high-performance liquid 
chromatography (SE-HPLC) (Kim and White 2009). The chromatography system consisted 
of a solvent delivery model (model 210, ProStar, Varian Inc., Rheodyne, CA), an injection 
valve with a 100 µL sample loop, a guard column (Ohpak SB-G, Shodex, Showa Denko KK, 
Tokyo, Japan), three serially connected columns (Ohpak SB-806 HQ, Ohpak SB-805 HQ, 
Ohpak SB-804 HQ, Shodex Showa Denko KK), and a refractive index (RI) detector (model 
350, ProStar, Varian Inc).  The column temperature was maintained at 40°C. The flow rate 
of the mobile phase, Milli-Q water (Millipore, Bedford, MA) containing 0.02% NaN3, was 
0.5 mL/min. An aliquot of β-glucan extract dissolved in Milli-Q water (6 mg/mL) was filtered 
through a 0.45-µm filter (GD/X 25 nylon Syringe Filter, Whatman Inc., Piscataway, NJ) 
before injection. Five β-glucan standards with known MW values, 3.59 × 105, 2.45 × 105, 
1.83 × 105, 1.23 × 105 and 0.4 × 105 g/mol (Megazyme Int. Ireland Ltd., Wicklow, Ireland) as 
previously suggested by Kim and White (2009), were used to construct a calibration curve for 
subsequent analysis of extracted β-glucans. For MW determination of polysaccharides, 
pullulan and dextran with known MW, also were used as standards to calibrate the column of 
SE-HPLC with the resulting values reported as pullulan or dextran equivalent MW (Wang 
and Cui 2005). Using pullulan or dextran calibrations can overestimate the MW of β-glucans 
because of differences in hydrodynamic volumes (Vårum and others 1991; Wood and others 
1991); however, these standards allowed consistent presentation of the MW values. The peak 
MW and Mn were calculated following the first-order polynomial curve of log MW versus 
retention time (Painter and Coleman 1997).  
 
Lichenase Digestion and Structural Analysis of Hydrolysates 
To determine whether β-glucan structural differences existed among the seven oat 
lines, the β-glucan extracts were completely hydrolyzed by lichenase. The lichenase, a (1→3) 
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(1→4)-β-D-glucan-4-glucanohydrolase (EC 3.2.1.73), specifically cleaves the 
β-(1→4)-glycosidic linkages of the three-substituted glucose residues in β-glucans, yielding 
oligosaccharides with different degrees of polymerization (DP) (Cui 2005).  The hydrolysate 
profiles were determined by fluorophore-assisted capillary-electrophoresis (FACE) 
(Colleoni-Sirghie and others 2003a). The β-glucan extracts at 2 mg/mL were dissolved in 
sodium phosphate buffer (20 mM, pH 6.5), and incubated with lichenase (1 U/ mg β-glucan, 
EC 3.2.1.73, Megazyme Int. Ireland Ltd., Wicklow, Ireland) at 50 °C for 24 hr. A reference 
standard, including cellobiose (Sigma-Aldrich, St. Louis, MO), cellotriose (Sigma-Aldrich, St. 
Louis, MO), cellotetraose (Sigma-Aldrich, St. Louis, MO), and cellopentaose (Sigma-Aldrich, 
St. Louis, MO), was prepared in the buffer solution without adding enzymes. Aliquots of 
hydrolysates were centrifuged at 10,000 × g for 5 min, and aliquots of 6 µL supernatants were 
dried in a Speed Vac. The reducing ends of the released oligosaccharides were fluorescently 
labeled by the addition of 2 µL of 0.1 mg/µL 8-amino-1, 3, 6-pyrenetrisulfonic acid (APTS, 
Biotium, Hayward, CA) in 15% acetic acid and 2 µL of 1M sodium cyanoborohydride in 
tetrahydrofuran (Sigma-Aldrich, St. Louis, MO).  
The reaction mixture was incubated at 42 °C overnight, then diluted with 46 µL 
Milli-Q water (Millipore, Bedford, MA), mixed with a vortex, and centrifuged briefly in a 
microfuge. A 5-µL aliquot of supernatant was added to 195 µL Milli-Q water (Millipore, 
Bedford, MA). The mixture was loaded onto a capillary electrophoresis instrument (P/ACE 
MDQ, Beckman Coulter, Inc., Fullerton, CA) equipped with an argon-ion laser-induced 
fluorescence detector (Beckman Instruments, Fullerton, CA), and injected into the system 
with pressure at 0.5 psi for 5 s. Separation was achieved at 23.5 kV in a 50-µm diameter 
eCAPTM neutral uncoated capillary column (eCAPTM N-linked oligosaccharide profiling kit, 
Beckman Instruments, Fullerton, CA) with the application of carbohydrate separation buffer 
(Beckman Coulter, Inc., Fullerton, CA). The analysis was done in duplicate. 
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The relative percentage of released oligomers, cellooligosaccharides, which had a 
3-O-β-substitued terminal glucose residue, was quantified on a molar basis. The ratio of 
β-(1→4)/β-(1→3) linkages was calculated by the equation: β-(1→4)/β-(1→3) linkage ratio = 
[( 2) %] 1 (1/ )ii DP n− × + −∑  according to the substrate specificity of lichenase. Here, i is 
the index of DP, and %iDP represents the relative percentage of iDP . 
 
Rapid Visco Analyser Measurements 
The Rapid Visco Analyser (RVA, Newport Scientific, Warriewood, NSW, Australia) 
was used to determine the apparent viscosity of oat-flour slurries by using the test profile 
developed for oats (Zhou and others 2000). Because the β-glucan and starch are the two 
major components contributing to pasting (Liu 2010), four different conditions were used to 
measure the viscosities of oat-flour slurries in this study: 1) without starch: enzymatic 
removal of starch from the system with added thermostable α-amylase (125 U/g of flour, db; 
EC 3.2.1.1, Sigma-Aldrich Co., St Louis, MO); 2) without β-glucan: removal of β-glucan 
with added lichenase (100 U/ g flour, db, EC 3.2.1.73, Megazyme Int. Ireland Ltd., Wicklow, 
Ireland); 3) with natural action of endogenous enzymes: autolysis (50 mM, PH 6.9 sodium 
phosphate buffer for dispersion) for 20 min; and 4) without natural action of endogenous 
enzymes (dispersion in 16.7 mM silver nitrate solution). The α-amylase (treatment 1) 
specifically removed all starch-related factors to pasting; and β-glucan was the major pasting 
contributor under this condition (amylolysis). Similarly, the addition of lichenase (treatment 2) 
enzymatically degraded β-glucan, specifically eliminated its contribution to pasting, and left 
starch as the major component responsible for pasting. Lichenase, different from α-amylase, 
is not thermostable during pasting, therefore the hydrolysis of β-glucans was conducted by 
mixing the slurries at 40ºC 115 rpm in RVA for 1 hr right before application of the test profile. 
Autolysis (treatment 3) was employed to study the viscosity of oat slurries under hydrolysis 
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by endogenous enzymes, especially β-glucanases; whereas inhibition (treatment 4) was used 
for the study of intrinsic viscosity by inhibiting endogenous enzymes (Glennie-Holmes 
1995).  
Detailed information about the RVA measurement for these four conditions was 
previously described (Liu 2010). Briefly, an aliquot of oat flours (3.68 g, db) was dispersed 
either in sodium phosphate buffer for enzymatic treatments and autolysis, or in silver-nitrate 
solution for inhibition of nature enzymes. The total mass of each oat-flour slurry was 28 g. 
The measured viscosity was read directly from the RVA and reported in centipoise (cP). The 
RVA pasting parameters were peak viscosity (PV, maximum viscosity developed during or 
soon after sample heating), trough (T, minimum viscosity after PV), breakdown (BD, PV 
minus T), final viscosity (FV, viscosity at the end of test), setback (SB, FV minus T), and 
time to peak time (TTPV, time to reach PV) (Liu 2010). The RVA measurements were 
conducted in triplicate for all oat flours.  
 
Statistical Analysis 
Results were analyzed by using the statistical analysis software (SAS 9.1, SAS 
Institute Inc., Cary, NC). Multiple comparisons among the means of each β-glucan 
molecular-structural parameter and each oat-slurry RVA pasting parameter were performed by 
using the least significant difference (LSD) test at α = 0.05. Linear regression analyses were 
used to establish a relationship among variables with P < 0.05. 
 
Results and Discussion 
Composition of Oats 
 The β-glucan concentrations in the seven oat lines ranged from 4.4% to 7.2% (Table 
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1). The detailed chemical composition of these oat groats previously was reported with 
differences noted (P < 0.05) in levels of β-glucan, starch, protein, and lipid (Liu 2010). 
 
Extraction of β-Glucans 
The extraction yield of β-glucans from oat flours was about 67%. Several studies 
evaluating the techniques of extracting β-glucan from oats, showed great variability of 
extraction yield, ranging from 33% to 88%, likely caused by the differences in extraction 
conditions, such as solvents, temperature, and incubation time (Wood and others 1991, Beer 
and others 1997, Colleoni-Sirghie and others 2003b, Sayar and others 2005). To preserve the 
natural form of β-glucan molecules for further molecular-structural characterization, harsh 
extraction conditions, such as high or low pH, which can lead to β-glucan depolymerization, 
should be minimized. Under relatively mild extraction conditions, lack of inactivation of 
endogenous β-glucanase, which is responsible for β-glucan degradation, resulted in decreased 
MW, reduced the power to detect MW differences among samples, but an increased total 
amount of extracted β-glucans (Wood and others 1991, Beer and others 1997). Fractionation 
of β-glucans by using gel permeation chromatography indicated that fractions of β-glucan 
with different MW all contain protein (Vårum and Smidsrød 1988), thus necessitating the 
removal of protein during β-glucan extraction.  
 
Molecular Weight Determination 
The Mn of extracted β-glucans ranged from 4.05×105 to 4.98×105, with the smallest 
Mn in IA50 and the greatest in IA76 (Table 1). The peak MW of β-glucan extracts varied 
from 6.81×105 to 7.85×105, with the smallest peak MW in IA47 and the greatest in IA50 
(Table 1). Notably, the IA50 line with a relatively low β-glucan concentration (5.45%) had 
the greatest peak MW, which distinguished it from the other six oat lines. Not including this 
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distinctive oat line, the peak MW positively correlated with β-glucan concentration (r = 0.834, 
P = 0.039). Similar findings also are reported in the literature with other oat lines (Yao and 
others 2007). Ajithkumar and others (2005) noted that the extractable β-glucan concentration 
in oats was a heritable trait, whereas the β-glucan MW depended more on environmental 
factors. However, the interactions between genotype and environmental factors also may 
impact the β-glucan concentration in oats (Peterson and others 1995). Moreover, the MW 
values (Table 1) in the current study were generally lower than those reported by Wood and 
others (1991) and Ajithkumar and others (2005). These differences in MW values might be 
explained by differences in environmental factors, including climate, and in drying methods 
of β-glucan extracts. In the current study the extracted β-glucans were freeze-dried prior to 
injection into SE-HPLC system. The freeze-drying process might decrease the solubility and 
MW distribution of β-glucans (Lan-Pidhainy and others 2007). 
 
Lichenase Digestion and Structure Analysis of Hydrolysates 
The released oligosaccharides from completely hydrolyzed β-glucans were identified 
based on the electrophoregram of a mixture of standard oligosaccharides from FACE 
separation (Figure 2). The relative percentages of oligosaccharides for all lichenase 
hydrolysates are summarized in Table 2. The major products of hydrolyzed β-glucans were 
DP3 (55.7-59.5%) and DP4 (32.8-36.5%), which confirmed that these oligosaccharides are 
the major building blocks of water-soluble β-glucans in the oats (Figure 3). In addition, small 
amounts (7.5-7.8%) of longer oligomers (DP ≥ 5) up to DP 14 were observed. These results 
are similar to the values (54.2-60.9% for DP3; 33.6-36.7% for DP4; and 3.6-9.7% for DP ≥ 5) 
reported by other researchers (Colleoni-Sirghie and others 2003a, Skendi and others 2003, 
Lazaridou and others 2003, Lazaridou and Biliaderis 2004). The calculated molar ratio of tri- 
to tetramers (DP3/DP4) ranged from 1.5 to 1.8. This value is: 1) higher than those (1.2-1.3) 
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reported by Johansson and others (2000) by using a capillary electrophoresis with UV 
detection; 2) similar to those (1.6-1.7) reported by Colleoni-Sirghie and others (2003a) by 
utilizing a FACE with laser-induced fluorescence detection; and 3) lower than those (2.0-2.1 
and 2.0-2.3 respectively) reported by Skendi and others (2003) and Lazaridou and others 
(2003) by utilizing HPAEC-PAD. The DP3/DP4 ratio of β-glucans in the IA46 oat line was 
lower than that in the other six oat lines (P < 0.05), which could be attributable to genotypic 
factors.  
The molar ratio of β-(1→4)/β-(1→3) linkages was calculated on the basis of lichenase 
substrate specificity (Figure 1). In brief, each released oligosaccharide with ith DP contains 
only one β-(1→3) linkage and (i – 2) β-(1→4) linkages; and all the released oligosaccharides 
(total number: n) are connected by (n – 1) β-(1→4) linkages. With the relative percentage of 
ith DP ( %iDP ) from FACE, the β-(1→4)/β-(1→3) linkage ratio can be calculated by the 
equation: [( 2) %] 1 (1/ )ii DP n− × + −∑ . The n is large, and 1/ n  is approaching 0. 
Therefore the β-(1→4)/β-(1→3) linkage ratio can be estimated by the equation: 
[( 2) %] 1ii DP− × +∑ . The calculated β-(1→4)/β-(1→3) linkage ratios were around 2.6, 
which is close to the reported values obtained from NMR in the literature (2.4-2.5, 
Colleoni-Sirghie and others 2003a; 2.3-2.6, Skendi and others 2003; and 2.4-2.8, Lazaridou 
and others 2003). For all oat lines, the ratio of DP3/DP4 negatively correlated with β-glucan 
concentration (r = -0.847, P = 0.016) and β-(1→4)/β-(1→3) linkage ratio (r = -0.889, P = 
0.007). These findings suggest that the greater the β-glucan concentration, the lower the 
DP3/DP4 ratio, and the greater the ratio of β-(1→4)/β-(1→3) linkages. 
 
Rapid Visco Analyser Measurements 
The pasting properties of oat slurries under the four conditions are reported by Liu 
(2010) and shown in Table 3. For the seven oat lines, the Mn and peak MW of β-glucans did 
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not correlate with any key pasting (PV, T, and FV) parameters under the four test conditions 
(P > 0.05). As discussed in the section on “Molecular Weight Determination”, the IA50 line, 
with a relatively low β-glucan concentration and the greatest value of peak MW, was quite 
different from the other six oat lines. Without taking this distinctive oat line into account, the 
peak MW positively correlated with 1) PV under amylolysis (r = 0.766, P = 0.076), autolysis 
(r = 0.822, P = 0.045), and inhibition (r = 0.878, P = 0.022), 2) T under amylolysis (r = 0.848, 
P = 0.033) and autolysis (r = 0.844, P = 0.035), and 3) FV under amylolysis (r = 0.815, P = 
0.048), autolysis (r = 0.973, P = 0.001), and inhibition (r = 0.963, P = 0.002). These results 
for the six lines demonstrated that β-glucan MW distribution positively impacted the pasting 
properties of oat flours under the conditions of amylolysis, autolysis, and inhibition. Other 
researchers also noted that 1) when measured at the same concentration, β-glucans from the 
β-glucan-enhanced oat lines were more viscous than those from traditional varieties; and 2) 
these viscosity differences might be explained by the differences in β-glucan peak MW and 
polymer distribution (Colleoni-Sirghie and others 2003b).  
For the seven oat lines, the ratio of DP3/DP4 negatively correlated with 1) PV under 
autolysis (r = -0.979, P < 0.001) and inhibition (r = -0.990, P < 0.001); 2) T under amylolysis 
(r = -0.919, P = 0.003) and inhibition (r = -0.884, P = 0.008); and 3) FV under amylolysis (r = 
-0.852, P = 0.015), autolysis (r = -0.929, P = 0.003), and inhibition (r = -0.930, P = 0.002).  
These findings indicated that the lower the DP3/DP4 ratio, the higher the PV under autolysis 
and inhibition, the higher the T under amylolysis and inhibition, and the higher the FV under 
amylolysis, autolysis, and inhibition. It was suggested previously that for cereal β-glucans the 
higher the DP3/DP4 ratio, the higher the probability of forming ordered consecutive 
cellotriosyl units (the higher the conformational regularity), which may result in decreased 
solubility (Böhm and Kulicke 1999; Cui and Wood 2000; Skendi and others 2003). The 
solubility of β-glucans can impact their viscosity by determining their concentration in 
82 
 
aqueous solutions (Beer and others 1997). Therefore, the decreased solubility of β-glucans 
may result in lower β-glucan concentration in solutions, and consequently decrease the 
viscosity, which agrees with the findings here.   
The amount of DP ≥5 negatively correlated with pasting FV after β-glucan removal 
by added lichenase (r = -0.891, P = 0.007), which might be explained by the contribution of 
the interaction between the cellodextrin-like sequences (DP ≥5) of β-glucan and starch to 
pasting. Liu (2010) also reported that the interaction between β-glucan and starch contributed 
considerably to pasting. The β-glucans with high amounts of DP ≥5 might exhibit a high 
tendency for interchain aggregation and, hence, low solubility (Fincher and Stone 1986, 
Izydorczyk and others 1998). The low β-glucan solubility might lead to the low concentration 
of β-glucans in solution, and thus the low viscosity of oat slurries. 
The ratio of β-(1→4)/β-(1→3) linkages was positively correlated with 1) PV under 
autolysis (r = 0.901, P = 0.006) and inhibition (r = 0.874, P = 0.010), 2) T under inhibition (r 
= 0.869, P = 0.011), and 3) FV after autolysis (r = 0.801, P = 0.031). These data indicated that 
the higher the ratio of β-(1→4)/β-(1→3) linkages, the higher the PV under autolysis and 
inhibition, the higher the T under inhibition, and the higher the FV after autolysis. As 
discussed in the section on “Lichenase Digestion and Structure Analysis of Hydrolysates”, 
the β-(1→4)/β-(1→3) linkage ratio negatively correlated with the ratio of DP3/DP4 (r = 
-0.889, P = 0.007). These findings suggest that the greater the ratio of β-(1→4)/β-(1→3) 
linkages, the lower the DP3/DP4 ratio, the greater the solubility of β-glucans, and 
consequently the greater the viscosity of oat slurries. On the other hand, Buliga and others 
(1986) previously suggested that the β-(1→3) linkages might break up the regularity of the 
β-(1→4) linkage sequence, making β-glucans more soluble and flexible.  
The β-glucan concentration also correlated with PV and FV under the conditions of 
amylolysis, autolysis, and inhibition, (P < 0.05) as well as T under amylolysis (P < 0.05) (Liu 
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2010). 
Conclusions 
Overall, the concentration, peak MW, ratio of DP3/DP4, amount of DP ≥ 5, and ratio 
of β-(1→4)/β-(1→3) linkages of β-glucans impacted the pasting properties of oat-flour 
slurries. Indeed, high correlations were established among β-glucan concentrations, each of 
the four molecular-structural characteristics, and viscosity of oat-flour slurries. These 
findings illustrate the importance of evaluating the molecular-structural characteristics of 
β-glucans for their impact on viscosity, and not just their concentrations. In turn, these 
viscosity measurements may predict potential health benefits and sensory quality in foods. 
These results would also help plant breeders in developing oat lines with specific structures 
and the related targeted characteristics, such as high viscosities, for use in nutrition, 
high-quality oat-based food products. 
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Table 1 – β-Glucan Concentration (%, db) of Oat Flours and Molecular Weight 
Distributions of β-Glucans from Different Oat Lines a 
 
a Values are means of n = 3 measurements. Values within a column followed by a 
common letter (a-d) are not significantly different (P > 0.05). 
b  Values previously reported by Liu 2010. 
c Mn, number-average molecular weight. 
d Peak MW, peak molecular weight. 
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Table 2 – Percentage composition of β-glucan structural features determined by 
fluorophore-assisted capillary-electrophoresis (FACE) of β-glucans from seven oat lines a.   
 
a Values are means of n = 3 measurements.  
b DP, degree of polymerization. 
c
 (1→4)/(1→3), ratio of β-(1→3)/β-(1→4) linkages 
  
91
 
91
 
Table 3 – Pasting Properties of Oat Flours measured on the Rapid Visco Analyser after treatment with added α-Amylase, added 
Lichenase, Autolysis, and Inhibition a. 
  
a Values are means of n = 3 measurements. Values within a column followed by a common letter are not significantly different (P > 
0.05). Values were reported by Liu 2010, but are provided for ease in comparing the molecular-structural features provided by the current 
manuscript. 
b 
α-Amylase, without starch (amylolysis, removal of starch by α-amylase). 
c
 Lichenase, without β-glucan (removal of β-glucan by lichenase). 
d Autolysis, natural action of enzymes. 
e Inhibition, inhibition of nature enzymes. 
f PV, peak viscosity; T, trough; FV, final viscosity.
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Figure 1 – Generalized structure of β-glucans in oats and the debranching reaction 
by lichenase. Dotted arrows indicate the lichenase hydrolysis sites on the β-glucan chain. 
G: β-D-glucopyranosyl unit; DP3: 3-O-β-cellobiosyl-D-glucose; DP4: 
3-O-β-cellotriosyl-D-glucose; DP 5: cellodextrin-like oligosaccharides containing 
more than three consecutive 4-O-β-linked glucose residues (Lazaridou and Biliaderis 
2007). 
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Figure 2 – Analysis of standard oligosaccharides, including cellobiose, cellotriose, 
cellotetraose, and cellopentaose, by fluorophore-assisted capillary electrophoresis (FACE); 
RFU = Relative Fluorescence Units. 
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Figure 3 – Electrophoregram from FACE separation of products of completely 
hydrolyzed β-glucan (IA03147-1); RFU, Relative Fluorescence Units. 
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Abstract 
The impact of processing (steaming and flaking) on the fine structure and 
molecular weight (MW) of β-glucans and on the viscosities and in vitro bile acid (BA) 
binding of oat-flour pastes was evaluated for four oat lines with high (7.1 %), medium 
(5.8 and 4.7 %), and low (3.8 %) β-glucan concentrations. Processing did not change the 
β-glucan concentration in oats (P > 0.05), but decreased the number-average molecular 
weight (Mn) and peak MW of β-glucans. For β-glucans, the molar ratio of tri- to 
tetramers (DP3/DP4) increased; whereas the amount of long cellulose-like oligomers (DP 
≥ 5) and the ratio of β-(1→4)/β-(1→3) linkages decreased after processing. Processing 
decreased the peak viscosity (PV) and final viscosity (FV) of oat-flour slurries measured 
by using a Rapid Visco Analyzer (RVA), which might be attributable to the changes of 
β-glucan structural-molecular characteristics and/or the interaction changes among 
β-glucan, starch, and proteins under hydrothermal conditions of processing. The values 
for in vitro BA binding of oat flours made into pastes increased after processing. The 
greater BA binding capacity may have been caused by the β-glucan structural-molecular 
changes and/or the improved activity of β-glucans through increased availability during 
processing. Some correlations among β-glucan structural-molecular characteristics, 
viscosities of oat slurries, and in vitro BA binding of oat flours also changed as a result of 
steaming and flaking. 
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Introduction 
The water-soluble dietary fiber in oats (Avena sativa L.), especially mixed-linkage 
(1→3) (1→4)-β-D-glucan (β-glucan), can effectively reduce the serum low-density 
lipoprotein (LDL) cholesterol levels without affecting the concentrations of high-density 
lipoprotein (HDL) cholesterol or triacylglycerol (TAG) (De Groot et al 1963; Anderson 
and Bryant 1986; Braaten et al 1994; Theuwissen and Mensink 2008). The 
hypocholesterolemic effect of β-glucans was related to the elevation of intestinal viscosity 
caused by β-glucans (Gallaher et al 1993; Tietyen et al 1995; Bell et al 1999; Bourdon et 
al 1999).  The increased viscosity in the gastrointestinal tract may lower the 
re-absorption of bile acid (BA), leading to an increased excretion of BA in the feces (Lia 
et al 1997; Zhang et al 1993).  The BA, as part of the mixed micelles in the small 
intestine, is necessary for lipid digestion. Normally, the BA is almost completely 
re-absorbed and transported to the liver through the enterohepatic circulation by active 
and passive mechanisms (Hofmann 1994). Increased excretion of BA stimulates the 
hepatic synthesis of BA from cholesterol, which removes the cholesterol from the 
circulation and eventually lowers the serum cholesterol level (LaRusso 1983). 
Because the luminal viscosity is important to the hypocholesterolemic potential, 
understanding the factors influencing the viscosity of β-glucans is beneficial for 
developing oat-based food products with enhanced health benefits. Previous studies have 
demonstrated that the concentration, molecular weight (MW), and structural features of 
β-glucans influence its physical properties (viscosity and solubility) (Woodward et al 
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1983; Wood et al 1994; Gómez et al 1997). Positive correlations between the 
concentration of β-glucan in oats and the viscosity of oat slurries are reported in the 
literature (Doehlert et al 1997, Zhou et al 2000, Liu 2010). The relationship between the 
β-glucan MW and intrinsic viscosity in oats was previously demonstrated by the 
Mark-Houwink equation [η]  MW0.75 (Vårum and Smidsød 1988).  The β-glucan MW 
also was shown to positively impact the viscosity of oat flours (Liu 2010). Also, the 
amount of cellodextrin-like oligosaccharides (DP   5), ratio of 
3-O-β-cellobiosyl-D-glucose (DP3) to 3-O-β-cellotriosyl-D-glucose (DP4), and ratio of 
β-(1→3)/ β-(1→4) linkages may be important determinants of viscosity and solubility 
(Buliga et al 1986; Böhm and Kulicke 1999; Cui and wood 2000; Skendi  et al 2003; 
Anker-Nilssen 2008; Liu 2010).   
Oat processing (steaming and flaking involving heat, moisture, and mechanical 
shear) may affect the molecular-structural characteristics of β-glucans and the interaction 
between β-glucans and other oat components, thus also impacting the viscosity of oat 
slurries. However, the effect of processing on the MW, structural features, and viscosity 
of β-glucans is not fully understood. Steaming prior to flaking is used to inactivate 
degradative enzymes and to facilitate flaking (Deane and Commers 1986; Ganβmann and 
Vorwerck 1995). For soluble dietary fiber from oat bran, the proportion of MW of more 
than 5×105 and the proportion of β-(1→4)/β-(1→3) linkage ratios decreased after 
steaming (Zhang et al 2009). Other work, however, showed that the MW of β-glucans 
from oat groats did not change during steaming (Doehlert et al 1997). Elsewhere, small 
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differences in chemical composition of oats and changes in microscopic appearance of 
starch granules were observed after steaming and flaking (Lookhart et al 1986), which 
also may influence the interaction of β-glucans with other components in oats, especially 
starch. Merely the mechanical shear during processing degraded β-glucans in cereals 
(Yokoyama et al 2002), and the viscosity of oat-flour slurries increased after steaming 
(Zhang et al 1997). 
The objectives of this study were to 1) investigate the effect of processing on 
β-glucan structural-molecular characteristics, oat-slurry viscosities, and in vitro BA 
binding of oat-flour slurries by analyzing four oat lines with a broad range of β-glucan 
concentrations (3.8%-7.1%, db); and 2) better understand the relationship among 
β-glucan structural-molecular characteristics, oat-slurry viscosities, and in vitro BA 
binding of oat-flour slurries made from oat groats and flakes.  
 
Materials and Methods 
Oat Grains, Processing, and Flour Preparation One publicly available cultivar, 
‘Jim’, developed at the University of Minnesota, and three experimental oat lines, 
IA03146-6 (IA46), IA03192-4 (IA92), and IA03176-2 (IA76), developed at Iowa State 
University, were grown in 2008 at the Agronomy and Agricultural Engineering Field 
Research Center near Ames, Iowa. The oats were dehulled with an air-pressure dehuller 
(Codema, Eden Prairie, MN). Half of the groats was steamed for 30 sec at 80 °C in a 
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commercial appliance, and rolled into flakes at a thickness of 0.61mm with a flaker in the 
pilot plant at Iowa State University. The warm flakes were dried for 25 min at 40 ± 5 °C 
in a vegetable drier (Orakas 1100 Watt, Marlemi Ltd., Lemi, Finland). The other half of 
the groats (unflaked) and flakes were ground into flour in an ultra centrifugal mill (ZM-1, 
Retch GmbH & Co, Haan, Germany) fitted with a 0.5 mm sieve. 
Oat Composition. All analyses were done in triplicate and reported on a 
dry-matter basis (db). The moisture of oat flours was determined by using a moisture 
analyzer (MB45, Ohaus Corp., Pine Brook, NJ). The β-glucan concentration in oat flours 
and β-glucan extracts was determined enzymatically by Approved Method 32-23 (AACC 
2000), with the application of a mixed β-glucan linkage kit (Megazyme Int. Ireland Ltd., 
Wicklow, Ireland). Proteins were analyzed with an automatic nitrogen analyzer 
(Elementar Analyzensysteme GmbH, Hanau, Germany) by using a protein conversion 
factor of 6.25. The starch concentration of oat flours was determined by Approved 
Method 76-13 (AACC 2000) using a total starch kit (Megazyme Int. Ireland Ltd., 
Wicklow, Ireland). Lipids were analyzed by the gravimetric method after extraction with 
a mixture of petroleum ether and 2-propanol (3:2, v/v) on a Goldfisch system (AACC 
2000). Total dietary fiber (TDF) analysis was performed by using a total dietary fiber 
assay kit (TDF 100A, Sigma-Aldrich, St. Louis, MO) according to Approved Method 
32-21 (AACC 2000).  
Molecular-Structural Characterization of β-glucans. An aliquot of oat flour 
from each oat line was defatted with hot petroleum ether/isopropanol treatment, and then 
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the water-soluble β-glucans were extracted by aqueous solution containing thermostable 
α-amylase and pancreatin according to the method given by Liu (2010). The relative 
molecular weight (MW) of β-glucan extracts was analyzed by using size-exclusion 
high-performance liquid chromatography (SE-HPLC) (Kim and White 2009). The 
chromatography system consisted of a solvent delivery module (model 210, ProStar, 
Varian Inc., Rheodyne, CA), an injection valve (Rheodyne, CA) with a 100-µL sample 
loop, a guard column (Ohpak SB-G, Shodex, Showa Denko K K., Tokyo, Japan), three 
serially connected columns (Ohpak SB-806 HQ, Ohpak SB-805 HQ, Ohpak SB-804 HQ, 
Shodex Showa Denko K. K.), and a refractive index (RI) detector (model 350, ProStar, 
Varian Inc). The column was maintained at 40 °C and calibrated by five β-glucan 
standards with known MW values, 3.59 × 105, 2.45 × 105, 1.83 × 105, 1.23 × 105 and 0.4 
× 105 g/mol (Megazyme Int. Ireland Ltd., Wicklow, Ireland). The mobile phase, Milli-Q 
water (Millipore, Bedford, MA) containing 0.02% sodium azide, flowed at 0.5 mL/min in 
the system. An aliquot of extracted β-glucan was prepared in Milli-Q water (6 mg/mL) 
and filtered through a 0.45-µm filter (GD/X 25 nylon Syringe Filter, Whatman Inc., 
Piscataway, NJ) before injection. 
 The β-glucan structure was established by using fluorophore-assisted 
capillary-electrophoresis (FACE) after completely hydrolyzing β-glucans with lichenase 
and fluorescently labeling the reducing ends of released oligosaccharides with 8-amino-1, 
3, 6-pyrenetrisulfonic acid (APTS) (Liu 2010). The capillary electrophoresis instrument 
(P/ACE MDQ, Beckman Coulter, Inc., Fullerton, CA) was equipped with an argon-ion 
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laser-induced fluorescence detector (Beckman Instruments, Fullerton, CA). An aliquot of 
fluorescently labeled oligosaccharides was injected into the system under the pressure of 
0.5 psi for 5 s. Separation was accomplished at 23.5 kV in a 50-µm diameter eCAPTM 
neutral uncoated capillary column (eCAPTM N-linked oligosaccharide profiling kit, 
Beckman Instruments, Fullerton, CA) by using carbohydrate separation buffer (Beckman 
Coulter, Inc., Fullerton, CA).  The cellobiose (Sigma-Aldrich, St. Louis, MO), cellotriose 
(Sigma-Aldrich, St. Louis, MO), cellotetraose (Sigma-Aldrich, St. Louis, MO), and 
cellopentaose (Sigma-Aldrich, St. Louis, MO), were used as reference standards for 
oligosaccharide identification.  
Rapid Visco Analyser Measurement. An aliquot of oat flour (3.68 g, db) was 
dispersed in silver nitrate solution (16.7 mM) to inhibit the activity of endogenous 
β-glucanases (Glennie-Holmes 1995). The total weight of each oat-flour slurry was 28 g. 
The apparent viscosities of oat-flour slurries were determined by using a Rapid Visco 
Analyser (RVA, Newport Scientific, Warriewood, Australia). The test profile developed 
for oats consisted of: 1) a stirring speed of 960 rpm for 10 sec and 115 rpm for the 
remainder of the test; 2) a temperature rising from 40°C to 90°C over 3 min, holding at 
90°C for 6.5 min, decreasing to 40 °C in 4.5 min, and holding at 40 °C for 5 min (Zhou et 
al 2000). The key RVA pasting parameters were peak viscosity (PV, maximum viscosity 
developed during or soon after heating), trough (T, minimum viscosity after PV), final 
viscosity (FV, viscosity at the end of test), and time to peak time (TTPV, time to reach PV) 
(Liu 2010). All measured viscosities are reported in centipoise (cP). The RVA 
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measurements were conducted in triplicate for the oat flours from groats and flakes.  
In Vitro Digestion and Bile Acid Binding. An in vitro digestion and bile acid 
(BA) binding process were conducted according to the method suggested by Sayar et al 
(2005). This procedure was used to mimic the human digestion system. Briefly, oat flours 
(0.8 g, db) were cooked in boiling water for 4 min and then subjected to human salivary 
α-amylase, porcine pepsin, and pancreatin, respectively. The BA mixture, containing 
sodium cholate, sodium deoxycholate, sodium glycocholate, and sodium taurocholate 
(Sigma-Aldrich, St. Louis, MO), was added to the in vitro digestion system right after the 
addition of pancreatin. The unbound BA in the supernatant after centrifugation was 
analyzed by using a bile acid diagnostic kit (Trinity Biotech plc, Co. Wicklow, Ireland) as 
described (Camire et al 1993; Camire et al 2003). Cholestyramine (Sigma-Aldrich, St. 
Louis, MO), a quaternary ammonium anion exchange resin, was included for each set of 
analyses as a BA-binding positive control. All aliquots of oat flours were diluted to fall 
into the BA concentration range of the test kit. 
Statistical Analysis. A randomized block design (RBD) was used in this study. 
Fixed effects were oat line, processing, and their interaction. The random (blocking) 
effect was replicated. Results were analyzed by using statistical analysis software (SAS 
9.1, SAS Institute Inc., Cary, NC). Analysis of variance (ANOVA) was performed by 
using the SAS proc GLM procedure. Multiple comparisons among means were conducted 
by using the least significant difference (LSD) test at α = 0.05.  
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Results and Discussion 
Oat Composition. The concentrations of β-glucan, starch, protein, lipid, and total 
dietary fiber (TDF) in oat flours from groats (un-flaked) and flakes are given in Table 1. 
Before processing (steaming and flaking), the experimental oat line, IA76, and traditional 
oat line, Jim, contained typical β-glucan levels of 4.7% and 3.8 %, respectively. The 
β-glucan concentrations in IA46 (7.1%) and IA92 line (5.8%) were greater than that in 
typical domestic A. sativa cultivars (3.7%-5.0%) (Miller et al 1993). The starch 
percentages in oat groats ranged from 58.5% to 69.2% with no differences among oat 
lines. The protein concentrations ranged from 13.0% to 16.4%, which is slightly less than 
the reported value for common oat cultivars (16.7%-22.1%) (Miller et al 1993). The lipid 
concentration in IA46 oats (8.3%) was greater than that in IA92 and Jim lines but within 
the typical range of oil levels reported for common oat groats (5% - 9%) (Morrison 1978). 
The total dietary fiber (TDF) percentages were in the range of 13.5% to 19.2%, with the 
least concentration in Jim and the greatest in IA46. The TDF percentages in oat groats 
correlated with β-glucan concentrations (r = 0.992, P = 0.008), a result of the 
considerable contribution of β-glucan to the soluble dietary fiber. 
Analysis of variance (ANOVA), used to determine the effects of oat lines, 
processing, and interactions between them on the chemical composition of oat flours 
(Table 1), showed that oat line affected the concentrations of β-glucan, protein, lipid, and 
TDF, but did not impact the starch percentages. The β-glucan and lipid concentrations of 
oat flours did not change during processing (P > 0.05); whereas the starch, lipid, and TDF 
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concentrations decreased (P < 0.05) after processing. No interaction effects between oat 
lines and processing on the concentrations of β-glucan, starch, protein, lipid, and TDF 
were observed. For oat-flake flours, the concentrations were 57.4% to 63.0% for starch, 
5.5% to 8.7% for lipid, and 13.1% to 16.4% for TDF. Similar to that in oat groats, the 
TDF percentages in oat flakes positively correlated with β-glucan concentrations (r = 
0.937, P = 0.063).  
Molecular-Structural Characterization of β-glucans. For β-glucans extracted 
from oat groats, the number-average MW (Mn) varied from 2.25×105 to 2.61×105; 
whereas the peak MW ranged from 5.03×105 to 6.43×105. The MW values in this study 
were less than those obtained for IA 46, IA92, and IA76 lines grown in 2007 (4.32×105 to 
4.98×105 for Mn and 7.12×105 to 7.75×105 for peak MW) (Liu 2010). The differences 
likely were attributable to the environmental effects on β-glucan MW distribution 
(Ajithkumar et al 2005).  
The ANOVA of results showed that processing significantly affected the Mn and 
peak MW of extracted β-glucans, whereas the oat lines and interaction between oat lines 
and processing did not (Table 2). The MW (1.56×105 to 1.76×105 for Mn and 3.43×105 to 
5.41×105 for peak MW) of extracted β-glucans from oat flakes were less than the MW 
from the oat groats. In other work, similar results were reported for soluble dietary fiber 
(SDF) from oat bran, where the proportion of MW greater than 5×105 in SDF decreased 
after steam-heating (Zhang et al 2009). Alternatively, Doehlert et al (1997) showed that 
the MW of β-glucans extracted from raw and steamed oat groats was similar based on 
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MW analysis of soluble carbohydrates. The discrepancies in these studies might arise 
from the heat treatment conditions, such as steaming temperature and time. In the current 
study, the reduction of MW may have been caused by the mechanical shear during 
processing (Yokoyama et al 2002). The β-glucanase, if not completely inactivated during 
processing, may also contribute to the MW differences: perhaps shearing during 
processing released β-glucanase and/or created a reaction surface area for the β-glucanase 
(Yokoyama et al 2002). The relationship between the MW and intrinsic viscosity of 
β-glucans in oats was previously demonstrated by the Mark-Houwink equation [η]  
MW0.75 (Vårum and Smidsød 1988), suggesting that the decrease of β-glucan MW might 
lead to reduced viscosity of oat-flour slurries. 
For oat-groat β-glucans, the molar ratio of tri- to tetramers (DP3/DP4), a 
fingerprint of β-glucan structure, ranged from 1.64 to 1.80. The results agreed with the 
values (1.6-1.7) reported by Colleoni-Sirghie et al (2003). In the current study, the 
DP3/DP4 ratio weakly correlated with β-glucan concentration (r = -0.912, P = 0.088), an 
observation previously noted by Liu (2010). Both oat lines and processing affected the 
β-glucan DP3/DP4 ratio (Table 2). The β-glucans extracted from IA46 and IA92 had 
greater DP3/DP4 ratios than did those from IA76 and Jim (P < 0.05). Steaming and 
flaking increased the DP3/DP4 ratio (1.79 to 2.03) of extracted β-glucans (P = 0.0002). 
The correlation between DP3/DP4 ratio and β-glucan concentration (r = -0.895, P = 0.105) 
became weaker during processing. Cereal β-glucans with a high DP3/DP4 ratio tended to 
have high conformational regularity, which may result in low solubility and, consequently, 
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low viscosity (Beer et al 1997; Böhm and Kulicke 1999; Cui et al. 2000; Skendi et al 
2003; Liu 2010). Thus, the increase of DP3/DP4 ratio during processing may lead to 
reduced viscosity of oat slurries made from flakes.  
Before processing, the amounts of long cellulose-like oligomers (DP ≥ 5) in 
oat-groat β-glucans were between 7.16% and 7.32%, similar to the values (3.6% - 9.7%) 
reported in the literature (Colleoni-Sirghie et al 2003; Skendi et al 2003; Lazaridou et al 
2003; Lazaridou and Biliaderis 2004). Processing affected the amounts of DP ≥ 5 in 
β-glucans, whereas the oat lines and the interaction between processing and oat lines did 
not (Table 2). The DP ≥ 5 amounts (6.34%-6.61%) of β-glucans decreased after steaming 
and flaking, and the DP ≥ 5 amounts negatively correlated with the ratio of DP3/DP4 after 
processing (r = -0.997, P = 0.003). The β-glucans with great amounts of DP  5 may 
exhibit a high tendency for inter-chain aggregation through strong hydrogen bonds along 
DP ≥ 5 regions, consequently lowering the solubility (lowering the β-glucan 
concentrations in solution), and eventually decreasing the viscosity (Fincher and Stone 
1986; Izydorczyk et al1998; Beer et al 1997). Moreover, the amount of DP ≥ 5 might 
negatively affect viscosities of oat-flour slurries through the interaction between the 
DP  5 regions of β-glucan with starch (Liu 2010). Thus, the decreased DP ≥ 5 amounts 
of β-glucans during processing may reduce the viscosities of oat-flour slurries made from 
flakes.  
For β-glucans in oat groats, the ratios of β-(1→4)/β-(1→3) linkages varied from 
2.57 to 2.59, values close to other reported values (2.4-2.5 for Colleoni-Sirghie et al 2003; 
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2.3-2.6 for Skendi et al 2003; and 2.4-2.8 for Lazaridou et al 2003). The β-(1→4)/β-(1→3) 
linkage ratio weakly correlated with β-glucan concentration (r = 0.923, P = 0.077) and 
DP3/DP4 ratio (r = -0.941, P = 0.059). The negative correlation between the ratio of 
β-(1→4)/β-(1→3) linkages and the ratio of DP3/DP4 also was reported by Liu (2010).  
The ANOVA results showed that steaming and flaking together significantly 
affected the ratio β-(1→4)/β-(1→3) linkages (Table 2). After flaking, the 
β-(1→4)/β-(1→3) linkage ratio decreased from 2.57-2.59 to 2.52-2.55. Similar results 
were reported for soluble dietary fiber (SDF) from oat bran, in that that the 
β-(1→4)/β-(1→3) linkage ratios for SDF were lower in steam-heated oat bran than in 
untreated oat bran (Zhang et al 2009). In the current study, the ratio of β-(1→4)/β-(1→3) 
linkages negatively correlated with the ratio of DP3/DP4 (r = -0.999, P = 0.001) after 
processing. In β-glucans, the β-(1→3) linkages break up the regularity of the β-(1→4) 
linkage sequence, making β-glucans more soluble and flexible (Buliga et al 1986). In 
other words, β-glucans with low ratios of β-(1→4)/β-(1→3) linkages might exhibit low 
solubility, and consequently low viscosity. Therefore, the reduction in the 
β-(1→4)/β-(1→3) linkage ratio as a result of processing may have caused a decreased 
viscosity for the oat-flour slurries made from flakes.  
Rapid Visco Analyser Measurements. The viscosities of oat-groat slurries 
ranged from 10,780 to 12,681 cP for PV, 7,065 to 9,421 cP for T, and 13,495 to 20,469 cP 
for FV (Table 3). The FV positively correlated with the concentration (r = 0.984, P = 
0.016) and the β-(1→4)/β-(1→3) linkage ratio (r = 0.977, P = 0.023) of β-glucans, and 
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negatively correlated with the β-glucan DP3/DP4 ratio (r = -0.949, P = 0.051). Similar 
findings were reported in the literature specifically noting that the higher the β-glucan 
concentration of the original oat lines, the lower the DP3/DP4 ratio, the higher the ratio of 
β-(1→4)/β-(1→3) linkages, and the higher the viscosities of oat-groat slurries (Liu 2010).  
The ANOVA of results showed that the oat lines were an important factor 
affecting the PV, T, and FV of oat flours, and the processing significantly impacted the PV 
and FV of oat slurries (Table 3). The PV (9,087-11,537 cP) and FV (12,022-14,508 cP) 
decreased after steaming and flaking.  The PV positively correlated with the β-glucan 
concentration (r = 0.991, P = 0.009) and the β-(1→4)/β-(1→3) linkage ratio (r = 0.940, P 
= 0.060), and negatively correlated with the DP3/DP4 ratio of β-glucans after processing. 
The FV also correlated with the concentration (r = 0.950, P = 0.050), the 
β-(1→4)/β-(1→3) linkage ratio (r = 0.977, P = 0.023), and the DP3/DP4 ratio of 
β-glucans after steaming and flaking (r = -0.984, P = 0.016). As discussed in the section 
on “Molecular-Structural Characterization of β-glucans”, the decreased FV and PV of oat 
slurries after processing might be attributable to 1) reduced MW, 2) an increased 
DP3/DP4 ratio, 3) decreased DP ≥ 5 amounts, or 4) a reduced β-(1→4)/β-(1→3) linkage 
ratio of the β-glucans. It also is possible that the interactions among β-glucan, starch, and 
protein changed under hydrothermal conditions of processing, consequently decreasing 
the viscosity of oat slurries. In contrast, other researchers noted that steaming of oats 
increased oat-flour viscosity in distilled water (Zhang et al 1997). The type of solution 
used to disperse the oat flours might explain these differing results. In a water solution, 
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the increased viscosity after processing may result from the inactivation of endogenous 
β-glucanases during heat steaming. Silver nitrate solution used in the current study 
enabled the evaluation of the intrinsic viscosity change during processing by simply 
inhibiting the native β-glucanases in oats. 
In Vitro Digestion and Bile Acid Binding. The in vitro values for BA binding of 
flours from oat groats were between 7.37 and 9.68 µmol/g dry matter. The BA binding of 
oat flours positively correlated with the concentration of β-glucan (r = 0.964, P = 0.036) 
and TDF (r = 0.972, P = 0.028). Similarly, Drzikova et al (2005) noted that the BA 
binding increased with an increased proportion of β-glucan, TDF, and insoluble DF (IDF) 
in the DF-rich extrudates from oats. A correlation between the BA binding of oat flours 
and the IDF also was reported by Sayar et al (2005). In the current study, the average BA 
binding of the cholestyramine on a dry-matter basis was 28.61 µmol/g, which is equal to 
81.73% of the total added BA. The data is similar to reported values for cholestyramine 
(Story and Kritchevsky 1976; Sayar et al 2005).  
Processing affected the BA binding of oat-flour slurries (Table 3). After steaming 
and flaking, the in vitro BA binding of oat-flour slurries increased (9.12-11.62 µmol/g). 
The BA binding of oat-flake flours positively correlated with β-glucan MWn (r = 0.955, P 
= 0.045). Perhaps, the increased in vitro bile-acid binding of oat-flour slurries was 
attributable to the increase in the β-glucan DP3/DP4 ratio and the decrease of β-glucan 
MW, percent DP > 5, and the β-(1→4)/β-(1→3) linkage ratio occurring during processing. 
Animal studies demonstrated that β-glucans with decreased MW caused by processing 
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were still effective in plasma-cholesterol reduction and suggested that food processing 
might improve the activity of β-glucans by increasing availability.  (Yokoyama et al 
2002). 
 
Conclusions 
The steaming and flaking of oat groats could decrease the viscosities of oat-flour 
slurries while increasing the in vitro BA binding capacity of oat-flour slurries. The 
β-glucan MW in oat flakes was less than in oat groats. After processing, the β-glucan 
DP3/DP4 ratio increased; whereas the amount of DP ≥ 5 and the β-(1→4)/β-(1→3) 
linkage ratio decreased. The structural-molecular changes of β-glucans during processing 
might explain the decreased viscosities and increased BA binding of oat slurries made 
from processed flakes. In addition, processing also could impact the correlations among 
β-glucan structural-molecular characteristics, viscosities of oat slurries, and in vitro BA 
binding of oat flours. Therefore, food manufactures should pay attention not only to the 
potential physiological properties of raw oats through evaluating the concentration and 
structural-molecular characteristics of β-glucans or the viscosities of oat flours, but also to 
the possible changes of these parameters during processing. These findings will help 
scientists develop oat-based food products with improved health benefits.  
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Table 1. Chemical Composition (%, db) of Flours from Oat Groats and Flakes and 
Analysis of Variance (ANOVA) P Values for the Effect of Oat Line, Processing, and their 
Interaction on Chemical Compositions of Oat Flours a 
 
a Values are means of three measurements ± standard deviation. Values for oat 
groats or flakes within a column followed by a common letter (a-d) are not significantly 
different (P > 0.05). 
b N × 6.25. 
c TDF represents total dietary fiber.  
d
 ns, not significant (P > 0.05). 
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Table 2. Molecular Weight and Structural Features of β-glucans extracted from 
Oat Groats and Flakes and Analysis of Variance (ANOVA) P Values for the Effect of Oat 
Line, Processing, and their Interaction on Molecular-Structural Characteristics a,b 
 
a Values are means of three measurements. Values for oat groats or flakes within a 
column followed by a common letter (a-b) are not significantly different (P > 0.05). 
b
 DP3, 3-O-β-cellobiosyl-D-glucose; DP4, 3-O-β-cellotriosyl-D-glucose; DP ≥ 5, 
cellodextrin-like oligosaccharides containing more than three consecutive 4-O-linked 
glucose residues. 
c
 Mn and peak MW are not significantly different for oat groats or oat flakes 
among oat lines. 
d
 DP3/DP4 represents the molar ratio of DP3 to DP4. 
e
 (1→4)/(1→3) means the molar ratio of β-(1→4) to β-(1→3) linkages.f ns, not 
significant (P > 0.05). 
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Table 3. Viscosities and In Vitro Bile Acid (BA) Binding of Oat Flours from 
Groats and Flakes and Analysis of Variance (ANOVA) P Values for the Effect of Oat Line, 
Processing, and their Interaction on Viscosities and BA Binding a,b 
 
a Values are means of three measurements. Values for oat groats or flakes within a 
column followed by a common letter (a-c) are not significantly different (P > 0.05).  
b PV, peak viscosity; T, trough; FV, final viscosity; TTPV, time to peak viscosity. 
c BA Binding, bile acid binding (µmol/g of  oat flour, db) 
d ns, not significant (P > 0.05). 
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CHAPTER 5 GENERAL CONCLUSIONS 
These studies demonstrated the individual effects of β-glucan, starch, and protein 
to pasting properties of oat flours. Their contributions to pasting were β-glucan > starch > 
protein. The interaction of β-glucan with starch or protein also contributed considerably to 
pasting. From a practical view, this work demonstrated that β-glucan was the major 
contributor to viscosity in oat-flour slurries; however, its interactions with other 
ingredients, especially starch and protein, illustrated the importance of evaluating oat 
components as a whole system, and not just in parts. 
Contributions of the β-glucanconcentration, peak MW, ratio of DP3/DP4, amount 
of DP ≥ 5, and ratio of β-(1→4)/β-(1→3) impacted the pasting properties of oat-flour 
slurries. Indeed, high correlations were established among β-glucan concentrations, each 
of the four molecular-structural characteristics, and viscosity of oat-flour slurries. These 
findings illustrate the importance of evaluating the molecular-structural characteristics of 
β-glucans, and not just their concentration for potential health benefits and sensory 
quality in foods. These results would also help plant breeders in developing oat lines with 
specific structures and the related targeted characteristics, such as high viscosities, for use 
in oat-based food products. 
The steaming and flaking of oat groats could decrease the viscosities of oat-flour 
slurries while increasing the in vitro BA binding capacity of oat flours. The β-glucan MW 
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in oat flakes was less than in oat groats. After processing, the β-glucan DP3/DP4 ratio 
increased; whereas the amount of DP ≥ 5 and the β-(1→4)/β-(1→3) linkage ratio 
decreased. The structural-molecular changes of β-glucans during processing might 
explain the decreased viscosities and increased BA binding of oat slurries after processing. 
In addition, processing could also impact the correlations among β-glucan 
structural-molecular characteristics, viscosities of oat-flour slurries, and in vitro BA 
binding of oat slurries. Therefore, food manufactures should pay attention not only to the 
potential physiological properties of raw oats through evaluating the concentration and 
structural-molecular characteristics of β-glucans or the viscosities of oat flours, but also to 
the possible changes of these parameters during processing. These findings will help 
scientists develop oat-based food products with improved health benefits.  
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